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“Wish I could make you see this brightness. Don’t worry, all is well.
All is so perfectly, damnably well.
I understand now that boundaries between noise and sound are conventions.
All boundaries are conventions, waiting to be transcended.
One may transcend any convention if only one can first conceive of doing so.
Moments like this, I can feel your heart beating as clearly as I feel my own,
and I know that separation is an illusion.
My life extends far beyond the limitations of me.”
Robert Frobisher, Cloud Atlas (David Mitchell)
A quel piccolo scienziato,
nella speranza di non averti troppo
deluso

Abstract
The Helicon thruster (HT) is an innovative concept of electric propulsion system
designed for in-space applications. The thruster relies on a Radio frequency
antenna that effectively ionizes the propellant and excites helicon waves in the
plasma. The antenna is thus able to heat the plasma, which then expands
through a divergent magnetic field. Since no moving components or electrodes
are needed to accelerate the propellant, the HT design significantly improves the
thruster lifetime with respect to other electric propulsion systems. However, a
low power efficiency was measured during the experimental campaigns carried
out on HT prototypes. The present Thesis investigates the influence of the
magnetic field configuration on the HT performance and analyses technological
solutions to significantly increase the efficiency of a low-power HT.
The typical thruster configuration comprises two different region: the plasma
source (where the plasma is generated) and the magnetic nozzle (where the
internal energy of the flow is transformed into kinetic energy). In order to
reduce the power losses to the rear surface of the plasma source, in the present
Thesis an axial magnetic shield is added to the standard magnetic configuration.
An accurate description of the plasma behaviour is presented for each of the
three region of the HT. The model equations, which assume that the plasma
is ideal, perfectly magnetized and non-inductive, are then numerically solved.
Scaling laws of an ideal HT are derived to analyze the effects of the magnetic
field intensity. The power efficiency of the HT is finally evaluated as a function
of the magnetic field configuration. The performed numerical investigations
show that the magnetic shield improves the thruster performance, offering the
possibility to reach a power efficiency higher than 50%.
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Chapter 1
Introduction
In the last decade, the interest of the space engineering community on the
electric propulsion technologies have seen a constant growth. . There is a large
variety of space missions where electric propulsion can indeed be an optimum
design choice instead of the chemical propulsion. Thanks to the particular
thrust mechanism, the electric thrusters are indeed able to reduce the mass
budget dedicated to the propellant for a certain mission. Unfortunately, an
electric thruster usually employ a large power to generate the thrust, so that
only low-thrust electric thruster are nowadays employed in real applications.
For example, both Low Earth Orbits and Geostationary Orbits station keeping
can be efficiently accomplished by low thrust electric thrusters. Nevertheless,
the research on electric propulsion is not limited to the low thrust applications.
For example, it is theoretically possible to accomplish orbital or interplanetary
transfer missions employing high power electric thrusters able to minimize the
on board propellant mass budget. In both cases of low and high power electric
thrusters, nowadays there is increasing interest around the concept of Helicon
Thrusters which involves Helicon wave to ionize the propellant.
The next few sections define the main characteristics of the electric engine
and Helicon Thrusters. The introduction aims to supply the minimum insight
needed to understand the scope of the Thesis and the contents architecture.
More general details about the physics behind the Helicon Thruster are pre-
sented in Chapter 2.
1.1 Electric Thrusters
Both chemical and electric thrusters generate thrust by energizing the propellant
and letting it exhaust to the outer space. Chemical thrusters energizes the
propellant thanks to the heat released by the exothermic chemical reactions
that take place in the combustion chamber of the rocket. The energy provided
to the propellant is stored inside the chemical reactants in the form of reaction
enthalpy. Defining the equivalent exhaust velocity as
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ve =
T
_m
where T is the thrust and _m is the propellant mass flow rate, in the case of
chemical rockets the exhaust velocity mainly depends on the temperature inside
the combustion chamber. The maximum combustion temperature is limited by
the thermomechanical resistance of the high pressure combustion chamber. This
implies an upper limit on the maximum ve achievable from a chemical thruster.
A solid propellant rocket usually reaches ve = 2300m/s, while bipropellant liquid
rockets can reach ve = 4500m/s.
On the other hand, electric thrusters aim to energize the propellant thanks
to externally provided electromagnetic energy. In the most cases, the propel-
lant has be ionized during the thrust process, otherwise it can not properly
interact with the provided electromagnetic energy. While the physics of chem-
ical thrusters depends on thermofluid dynamics, the operating principle of an
electric thruster lays on plasma physics; the very basis of plasma physics are pro-
vided in Chapter 2 so that to understand the physics of the Helicon Thrusters.
There are several ways in which the neutral propellant can be properly ionized
and then electromagnetically energized by the external power source. These
differences give rise to just as many different concepts of electric thrusters. A
general description of the main electric propulsion systems is provided later in
the present section. All these concepts are nevertheless joined by the important
feature just stressed: the power is externally provided. This means that theo-
retically the electric thruster can achieve any value of ve. The reality is far less
optimistic, but nevertheless electric thrusters can practically reach values of ve
of order 104m/s or even more.
The importance of obtaining large values of ve can be understood from ana-
lyzing the spacecraft dynamics in the free vacuum by means of the Tsiolkovsky
Equation
v = ve ln

m0
mf

(1.1)
where v is the total velocity increase of a spacecraft in free vacuum, m0
is the initial mass of the spacecraft and mf is the final mass of the spacecraft.
The total v increases with increasing ve once the the propellant mass ratio
mf=m0 is fixed. On the other hand, the comparison between terms in equation
(1.1) is usually made for a fixed v that defines a specific the mission profile.
For example, a GEO station keeping requires about v = 50 m/s/year [4],
a high thrust LEO-Moon transfer requires about v = 4 km/s [4] (while a
low thrust LEO-Moon transfer requires about v = 8 km/s) [5] and finally a
high thrust LEO-Mars interplanetary transfer requires about v = 5:7 km/s
[4] (while a low thrust LEO-Mars transfer requires about v = 15 km/s with
present firing strategy optimization) [6]. For a given missionv, one can analyze
the mass ratio as a function of the equivalent exhaust velocity ve. The result
are shown in figure 1.1 for four different v. For example with v = 1km/s,
increasing ve from 3 km/s to 10 km/s changes the propellant mass fraction
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Figure 1.1: Propellant mass fraction vs. Effective exhaust velocity for a wide
range of total mission v
from 70% to 90%. The relative gain in propellant mass fraction is larger the
larger the total required v is. Usually, the mission v required is higher if
electric thrusters are employed instead of chemical propulsion; nevertheless the
increase in the mission v at high ve is usually convenient from the point of
view of propellant utilization [4]. The mass budget optimization then justify
the research and development of electric thrusters as a convenient alternative
to chemical thrusters.
As already said in the beginning of the section, several different concepts of
electric thruster do exist. One of the leading parameters determining the choice
between different electric thrusters is thus the thrust efficiency T defined as the
ratio between an equivalent axial kinetic energy and the total power employed
to ionize and energize the neutral propellant
T =
1
2 _mv
2
e
Pin
=
Tve
2Pin
=
T 2
2 _mPin
(1.2)
where _m is the mass flow rate and Pin is total power employed in generating
thrust. The thrust efficiency is not an intrinsic parameter of the thruster but
it depends on the actual operational conditions. Nevertheless, the concept of
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Figure 1.2: Thrust Efficiency vs. Effective exhaust velocity for Hall Effect
Thrusters (HET), Gridded Ion Thrusters (GIT) and Magnetoplasmadynamic
Thrusters (MPDT). The gray straight lines are drawn at constant power to
thrust ratios. The “curr” lines refer to the performance already attained by the
current electric propulsion systems, while the “ult” lines refer to the maximum
performance the concept can theoretically provide.
the thruster fixes a narrow range of optimal thrust efficiency which, generally
speaking, can be assumed to be the thrust efficiencies proper of the thruster
concept. A comparison between the performance of of three different concepts
of electric thrusters is thus represented in figure 1.2. Because of their level of
power efficiency, the most commonly employed electric thrusters are the Elec-
trothermal Thrusters (such as the Arcjets, not shown on figure 1.2), the Gridded
Ion Thrusters (GIT) and Hall Effect Thrusters (HET). Usually, the maximum
thrust efficiency of a well designed Arcjet is about 50% [7]. The three propul-
sion systems are briefly reviewed on the the following subsections. Moreover,
a description of the Magnetoplasmadynamic Thrusters (MPDT) is presented
since the physics of MPDT leads to considerations useful to understand why
the research concentrated its efforts towards the development of an electrode-
less electric thruster such as the Helicon Thruster.
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Figure 1.3: Basic scheme of an Arcjet. The black arrows are representative of
the propellant flow before the Constrictor, while the white arrows indicates the
exhausting heated flow. The discharged is here visualized as the pink region in
the constrictor.
1.1.1 Electrothermal Thrusters
In Electrothermal Thrusters the propellant is heated by means of external elec-
tric power which replace the combustion of conventional chemical thrusters.
The thrust generated by the Electrothermal Thrusters relays indeed on the gas-
dynamic acceleration of high temperature propellant, while the electromagnetic
interactions play only a marginal role in generating thrust [8].
One of the most fortunate concept of Electrothermal Thruster is the Arcjet
[9]. A schematic representation of the Arcjet is given in figure 1.3. Following
the scheme proposed, the propellant flow is injected from the back region of the
thruster. The propellant then flows around the central cathode until it reaches
a narrow channel called constrictor. Here, the difference of electric potential
between the central cathode and the outer anode is sufficient to locally break
down the propellant. The current generated from the break down is collected
in a discharge arc which occupies the whole length of the Constrictor. The aim
of the discharge arc is to heat the propellant while it flows into the Constrictor
channel. At the end of the Constrictor, the flow leaves the discharge region and
then expands into a conventional divergent nozzle.
The exhaust velocity is mainly dependent on the thermodynamics processes
of propellant heating and final expansion. The higher is the equilibrium temper-
ature in the discharge region, the higher will be the equivalent exhaust velocity.
This is a common characteristic of all Electrothermal Thrusters, for which [9]
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r
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M
where Te is the reference electron temperature inside the discharge region
and M is the mass of the particles composing the propellant. Unfortunately,
the maximum temperature achievable into Electrothermal Thrusters is strongly
limited by the thermal resistance of the components of the thruster. In this re-
gards, the Electrothermal Thrusters behave way similar to chemical thrusters,
but the maximum allowed temperature is higher thanks to the lower pressure
reached inside the discharge chamber of the Arcjet. For example, a conventional
Arcjets usually generates discharge temperatures in the range of 10000 20000
K (1  2 eV) [8]. In this way it is possible to keep the electrodes temperature
under 20002300 K, temperature at which the tungsten alloys become thermo-
mechanically compromised [8]. As we said before, in Electrothermal Thrusters
the discharge temperature determines (in first approximation) the equivalent ex-
haust velocity. Hence, an upper bound on the maximum achievable temperature
limits the thruster performance.
Moreover, the strong currents of the discharge heavily erode the inner surface
of the electrodes. Both the anode and the cathode are critical components
that determines the discharge efficiency inside the Constrictor. The erosion (as
can be seen in figure 1.4) thus deteriorates the whole discharge process. As a
consequence, an inefficient discharge decreases the heating of injected propellant
which finally causes the decreasing the overall performance of the thruster. The
erosion of the electrodes is thus a central problem to face in order to obtain a
sufficiently long operative life.
1.1.2 Gridded Ion Thrusters
The Gridded Ion Thrusters (GIT) are electrostatic electric thrusters which
makes use of an external imposed electric potential difference to accelerate ions.
As one can deduce from figure 1.5, the GIT usually consists of three main parts:
the ionization stage, the ions acceleration stage and the neutralization stage
[10]. The neutral propellant is firstly injected into the ionization chamber. Here
the electrons emitted by a hollow cathode (the electron gun in figure 1.5) ion-
ize the neutral propellant. The electrons are naturally attracted by the anode
which forms the boundaries of the ionization chamber. A shielding magnetic
field is thus established in the proximity of the anode to increase the time of
permanence of the electrons inside the chamber and thus increases the ioniza-
tion efficiency. Eventually the electron current is collected by the anode and
guided to the neutralizer (the neutralizing electron gun shown in figure 1.5).
At the same time, ions are repelled by the positive potential of the anode.
This is sufficient to push the ions towards the acceleration stage usually com-
posed by two grid electrodes biased at high-voltage: the screen grid (positive
potential) and the acceleration grid (negative potential). When an ion particle
passes through the screen grid it is the accelerated by the difference in electric
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Figure 1.4: Erosion on the tip of a Cathode in a Plasma Cutter. The technology
employed to heat the neutral gas in plasma cutters is very similar to the one
employed inside an Arcjet. The erosion pattern on the electrodes is respectively
similar.
potential. At the same time, the electrons generated inside the ionization cham-
ber can not travel inside the acceleration stage because of the adverse potential
difference there established by the grids. The ions then exit the acceleration
stage and are neutralized by the electrons emitted by the neutralizer. If the
ions are not properly neutralized, the resulting space distribution of charged
particles eventually jams the thruster [10]. On the other hand, after the ions
are neutralized, the relative neutrals are free to exhaust in the outer space un-
affected by the potential of the acceleration grid.
Even thought the GIT are the most efficient electric thrusters from the point
of view of thrust efficiency [9] (as one can deduce from figure 1.2) the ions flow
through the grids is affected by the effect of charge separation (space charge
limit), which yields a relatively low thrust density [10]. Moreover, the particles
flux to the screen grid generates a strong erosion of the grid surface [10]. The
erosion of the screen grid strongly limits the total operative life time of the GIT.
1.1.3 Hall Effect Thrusters
The Hall Effect Thrusters (HET) are electric thrusters posed at the boundary
between electrostatic and plasma thrusters. As the GIT, the scheme of a HET
consist of three main parts: the cathode, the magnetic stage and the discharge
chamber [10]. A reference scheme of the HET is presented in figure 1.6. The
electrons are emitted by the cathode. A small portion of the electron flux is
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Figure 1.5: The scheme of a Gridded Ion Thruster (GIT). Both the downstream
particles recombination and the electrical circuit connecting the electrodes are
not shown in the figure.
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Figure 1.6: Scheme of a Hall Effect Thruster (HET).
attracted by the positive potential of the anode allocated in the back region of
the discharge chamber of the thruster. Once the electrons reach the magnetic
stage, they are magnetized by the radial magnetic field. In the magnetic stage
an axial electric field is established too because of the electric potential difference
between the anode and the cathode. The presence of non-parallel magnetic and
electric fields generates a E  B drift of the electrons in the magnetic stage.
The general direction of the hall drift is azimuthal because E is axially oriented
while B is ideally oriented on radial direction. The azimuthal drift increases the
electron density into the magnetic stage. At the same time, neutral propellant
is injected in the anode region. The collisions between electrons and the neutral
particles ionize the propellant and induce an axial electron current to the anode.
Thanks to the helical trajectories the electron will sooner or the later come
out from the magnetic stage losing the EB drift [10]. The electrons will then
move inside the discharge chamber towards the anode where the collisions with
neutrals ionize the neutrals. The ions generated in the discharge chamber are
attracted by the high potential drop established in the magnetic stage, but, due
to their larger mass, are only slightly affected by the magnetic field. The large
potential gradient is then able to accelerate the ions as they proceed towards
the exit of the thruster. Once the ions exit from the acceleration channel, they
are neutralized by the electrons emitted from the hallow cathode. As in the
case of GIT, if the ions are not properly neutralized they will eventually nullify
the thrust mechanism by the space charged distribution.
It is now clear that the ions are accelerated by electrostatic processes. This
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is the reason why thrust efficiency of HET is way similar to the one of GIT
(as one can observe in figure 1.2). At the same time, there is no space-charged
limitation because both electrons and ions equally participate to the accelera-
tion mechanism [10]. Ultimately, HET theoretically unify the vantages of high
efficiency provided by electrostatic thrusters with the self-consistent flexibility
of the plasma thrusters. This feature makes the HET one the more promising
concept of electric thruster in the field of low power applications. Unfortunately,
even the HET have a low specific thrust for unit of surface of the cross section of
the thruster [11]. If the designer wants to scale the geometry of the thruster to
obtain a high thrust HET, the radial dimension of the thruster usually becomes
too large to be of any use.
1.1.4 Magnetoplasmadynamic Thrusters
The Magnetoplasmadynamic Thrusters (MPDT) are proper plasma thrusters.
The typical architecture of a MPDT is illustrated on figure 1.7. The thruster
architecture is far more simple than the architecture of GIT or HET and this
reflect a more simple physical description of the thrust generation mechanism
[12]. The neutral propellant is firstly injected into the discharge chamber. The
two electrodes are biased at high-voltage to break down the neutral propellant
into ionized plasma. In the ideal case, a distributed current density is generated
between the two electrodes. The current flows into the cathode generating an
azimuthal magnetic field which interacts with the current generating a j  B
Lorentz force on the plasma. The resulting thrust depends on the square of
the current provided from the external power source. This feature theoretically
enhances the possibility of generating a large thrust density inside compact
MPDT. Once of the reason why the MPDT were indeed studied for a long time
was their possible employment as high power applications of electric propulsion.
Moreover, the MPDT were the first electric thrusters enhanced with the use
of a Magnetic Nozzle to further increase their thrust and power efficiency. Ba-
sically, as can be seen in figure 1.8, a Magnetic Nozzle is a diverging magnetic
field coaxial with the thruster. In the case of MPDT, both the radial and axial
component of the local magnetic field interact with the azimuthal current gen-
erating distributed axial forces which increase the velocity of charged particles.
As it will be clear in the following sections, the Magnetic Nozzle firstly studied
on MPDT is one of the fundamental feature of the Helicon Thruster analyzed
in the present Thesis.
Unfortunately, the effective discharge inside the discharge chamber is way
different from the one expected from simple theoretical investigations. When a
certain threshold current is reached, the thruster enters in the so-called onset
mode [13]. In this operating condition, the current between the electrodes con-
centrates in filaments, which substitute the distributed current pattern, with
macroscopic local erosion of the electrodes. The erosion causes a rapid decrease
of the performance of the thrusters, as in the case of high temperature Elec-
trothermal Thrusters. Nowadays there is no complete and coherent physical
explanation which justify the arising of the onset mode and no practical solu-
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Figure 1.7: Architecture of a Magnetoplasmadynamic Thruster (MPDT). The
discharge chamber correspond to the radial space between the anoe and the
cathode.
Figure 1.8: Scheme of a Magnetic Nozzle in MPDT applications. The Magnetic
Nozzle is generated by the magnetic coil encircling the ending section of the
cathode.
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tion to evade the onset mode has been found. MPDT probably are the more
clear example of how the presence of exposed electrodes may affect the perfor-
mance of an electric thruster during its operative lifetime. This reason leads the
research towards a concept of electric thruster which does not employ electrodes
to ionize the plasma; Helicon Thruster indeed comply with this request.
1.2 The Helicon Thruster
The Helicon Thruster is an electric thruster concept for space applications.
Being an electric thruster, the Helicon Thruster makes use of the interaction
between an electromagnetic assembly and ionized propellant to generate thrust.
The particular ionization mechanism exploited on Helicon Thrusters is what
differentiates them from other electric thruster concepts: while on conventional
electric thrusters the ionization is obtained by means of an externally imposed
difference of electric potential between two electrodes, Helicon Thrusters make
use of an RF Antenna to ionize the propellant. The RF Antenna is designed
to excite the free electrons of the injected propellant into the ionization cham-
ber. Following the standard diction found in literature, we call the ionization
chamber as the Plasma Source [14, 15, 16, 3, 17]. The Plasma Source consists,
in the more simple form, of a non-conductive cylinder coaxial with a RF An-
tenna. The external electromagnetic waves imposed by the RF Antenna induce
plasma waves in the Plasma Source known as Helicon Waves and Trievelpiece-
Gould (TG) waves [18, 19, 14, 15]. The interaction between these waves and
the electrons dynamics is the main responsible of optimum neutral propellant
ionization and power storage in the plasma flow [18, 19]. The whole ionization
process generates a high density plasma flow with decreasing plasma density far
from the axis of the Plasma Source.
Joining together a Plasma Source and a neutral gas injection mechanism we
obtain a Helicon Thruster [3]. Such a Helicon Thruster can be treated like an
electrothermal thruster because the thrust mechanism relays on the gas dynamic
acceleration inside the Plasma Source. The energy deposited by Helicon Waves
into the plasma is indeed able to accelerate the propellant to sonic condition
at the exit of the Plasma Source [3]. As a consequence of the electrothermal
behavior of Helicon Thrusters, both the effective exhaust velocity and the thrust
strongly depend on the equilibrium temperature inside the Plasma Source and
on the mass flow rate.
There exist different interpretations (other than the electrothermal one)
around the thrust mechanism and power transfer form electromagnetic waves
to directional kinetic energy. For example, some plasma dynamics models try
to explain the thrust mechanism found in Helicon Thrusters by means of a self-
consistent current-free double layer on the near exit of the Plasma Source [20].
This point of view would better define the Helicon Thruster as an electromag-
netic thruster instead of an electrothermal one. Nevertheless, in the Thesis we
will assume the first point of view to better justify the thermal behavior of the
plasma model proposed.
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Even thought a Helicon Thruster can be designed by simply joining a pro-
pellant injection assembly and a Plasma Source, this simple configuration has
low power efficiency. In order to obtain sufficiently high power efficiency, a
strong magnetic field is usually added to the previous configuration [3]. This
magnetic field is co-axial with respect to the Plasma Source and can provide to
the Helicon Thruster three improving features: it enhances a better propellant
ionization, it decreases the power wall losses by means of axial magnetization
of the plasma flow and it generates a downstream expanding magnetic field.
The last feature, on return, enhances a further expansion of the plasma flow
increasing the axial flow velocity. We refer to this last feature as a Magnetic
Nozzle [1, 21, 22]. Here, the plasma traveling along the magnetic tube increases
the flow velocity thanks to the exchange between the flow internal energy and
its kinetic energy. From this point of view, the plasma behaves way similar to
a neutral gas expanding into a divergent nozzle.
The benefits provided from adding a strong external magnetic field are
proved both on experimental and theoretical basis [3, 23, 24]. Recent exper-
imental campaigns confirm that the magnetic field configuration to be a fun-
damental parameter to obtain power efficiency competitive with other electric
propulsion systems.
1.3 Why Helicon Thruster?
As it should be clear from the firs section, the research on the electric propulsion
is a field prosperous of innovative technologies already space-certified by many
flight hour of operative firing. Most operative applications regard low power
(some hundreds of Watts) and medium power (1  10 kW) electric thrusters
mostly employed on station keeping and continuous low-thrust missions. Al-
though Helicon Plasma Sources had been subject of many studies during the
past decades aiming to a wide range of technological solutions (Plasma Sources
are employed for examples in energetic and electronic engineering), they did
not reach the same level of confidence and technological development as other
electric propulsion systems. It is clear that Helicon Thruster is a quite in-
novative and new-born concept. Nevertheless, there are several reasons why
one should be interested in investing financial and human resources to develop
space-qualified Helicon Thrusters [25].
High density plasma generation. Helicon Plasma Sources are able to ionize
neutral gasses generating high density plasma flows. Usually the particle density
on such a flow is in the order of 1013  1014 cm-3 [18, 19]. This feature enables
the possibility of a compact design that optimizes both the size and the mass
of the system.
High and low power applications. The physics behind plasma generation
inside the Plasma Source and later expansion on the Magnetic Nozzle is quite
adaptable on a large variety of geometrical and power scaling. For example,
30
the international EU FP7 HPH.Com project aims to design a convenient low
power Helicon Thruster [26, 27], while the VASIMR project [28] aims to design a
high power electric thruster ( 200 kW  200MW) for orbital transfer purposes.
The studies about Helicon Thrusters can thus be employed on both low and
high power applications without sizing issues typical of other electric propulsion
systems such as HET or GIT.
Plasma temperature control. It is possible to easily variate power and
mass flow rate to obtain different electron temperatures. The Helicon Thruster
behaves mostly as an electrothermal thruster, so that the thruster can archive
different specific impulse values by simply modulating the plasma temperature
[28, 26]. As a consequence, a spacecraft equipped with Helicon Thruster can fire
propellant at different specific impulse along the same mission depending on the
mission firing profile. This is the ground feature employed on VASIMR project
(where VASIMR stands indeed for Variable Specific Impulse Magnetoplasma
Rocket).
Not only Electrothermal. As was previously enlighten about the concept
of the Arcjets, the main disadvantage of conventional electrothermal thrusters
is the upper limits on plasma temperature imposed by the thermomechanical
resistance of the thruster components. As we said in the last point, controlling
temperature means, in first approximation, controlling the specific impulse and
power efficiency. An upper limit on the maximum achievable temperature then
bonds the performance of an Electrothermal Thruster. But Helicon Thrusters
are not only strictly Electrothermal Thrusters. In fact, the Helicon Thrusters
can be considered to be a proper Plasma Thruster because all plasma species
actively participate in the acceleration process. It is thus possible to radially
confine the plasma thanks to an appropriate magnetic field topology (as will be
better explained in Chapters 2, 3 and 4). This allows Helicon Thrusters to be
used with a plasma temperature much higher than that imposed by the thermal
resistance of the components of the thruster.
Electrodeless. Helicon Thruster does make use of the Plasma Source to
ionize and to heat the neutral propellant. This means that no electrode is needed
in order to accomplish neutral ionization. This feature dramatically decreases
the thruster erosion rate during long term operations. Since the thruster geom-
etry does not change during operative lifetime and no critical component (as
the electrodes) can be damaged by erosion, the thruster efficiency of Helicon
Thrusters is kept at values similar to the design ones even after a long total
firing time. It is theoretically possible to employ such a thruster for a longer
total firing time with respect to electrothermal and MPD thrusters where the
main limit on the operative life time is indeed given by electrode erosion. Ulti-
mately, if the radial magnetic plasma confinement is correctly accomplished, no
significant efficiency degradation is expected to take place on Helicon Thrusters.
Cross-field interest. Finally, as we already said, Helicon Thrusters em-
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ploye technologies that are strictly linked to other engineering fields. For exam-
ple, the Helicon Plasma Source is employed in interesting high-density plasma
generating devices such as the Inertial Electrostatic Confinement (IEC) fu-
sion devices [29], plasma processing for micro-electronic circuits [30] and space
propulsion devices other than the Helicon Thruster here presented (as the Heli-
con Hall Thruster [31]). Moreover, the results of investigations on the Magnetic
Nozzle and magnetic confinement can be also be applied to increase the effi-
ciency of different electric thrusters which employ similar technologies. Results
gained theoretically and experimentally about research and development on He-
licon Thrusters can then give more introspective knowledge about a wide filed
of engineering interest.
1.4 Scope of Thesis
Helicon Thrusters can be an interesting solution for a flexible electric thruster.
Nevertheless, no Helicon Thruster was ever tested in space environment and
only poor experimental results were obtained so far by dedicated experimental
campaigns . The efficiency empirically evaluated during these testing campaigns
is too low to really take Helicon Thruster into consideration as a short term
alternative for other electric thrusters as HET and GIT, especially in the case
of low power application. On the other hand, in case of high power applications
Helicon Thrusters were proved to be quite efficient and are aimed to be one on
the most feasible solution for medium-high power thrust missions. For instance,
while VASIMR (high power thruster) is attested to work on thrust efficiency
larger than 50% [32], low power architectures are attested to work with thrust
efficiency sometimes lower than 1% [33]. In low power applications, Helicon
Thrusters obtain thrust efficiency of order 20% only in more recent testing
campaigns [27]. To become competitive with other electric thrusters (such as
the HET and GIT), low power Helicon Thrusters (from 50 W to few hundreds
Watts) should reach at least thrust efficiency of order 4050%. Otherwise, any
other potential benefit of Helicon Thrusters would not be sufficient to justify
their on-board utilization instead of other electric propulsion systems.
The poor efficiency found in low power applications is due to the power losses
in the Plasma Source and in the Magnetic Nozzle expansion [23]. These two
mechanisms are both heavily linked to the design of the magnetic filed. The
present Thesis aims to theoretically investigate the possibility of increasing the
total power efficiency of Helicon Thrusters by improving the present magnetic
field geometry. In particular, the benefits on the power efficiency coming from
an improved axial magnetic shielding were investigated.
In Chapter 2, the Helicon Thruster is more accurately described in order to
reach a deeper insight about the power losses in low power architectures; the
Shielded HT Model is presented at the end of the Chapter.
In Chapter 3 the Plasma Source Model is presented along with scaling laws
of the Plasma Source. The results on power efficiency of different configurations
and operative firing conditions of the Plasma Source are discussed. Similarly,
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in Chapter 4 and Chapter 5 the coupling between the Plasma Source and both
the Magnetic Shield and the Magnetic Nozzle is presented . In Chapter 4, the
theory about plasma flow in magnetic tubes is presented to justify the physical
models of both the Magnetic Shield and the Magnetic Nozzle.
In Chapter 6, the total improvement in terms of power efficiency for the
whole thruster assembly is analyzed and discussed. The possible technological
problem of an efficient thruster design are then analyzed .
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Chapter 2
The Helicon Thruster
The general description of the concept of Helicon Thrusters is outlined in the fol-
lowing sections. In the first section the general anatomy of the Helicon Thruster
is provided along with generalities about both its components and physics. In
the second section the performance of the components is revised, enlightening
the sources of power losses associated with the physics of the Helicon Thruster.
In the same section two solutions are proposed to increase the performance of
the Helicon Thruster. The Shielded HT Model is then presented for what con-
cern the physical assumptions assumed in the following Chapters. Finally, a
Reference Architecture is described to be analyzed in the following Chapters.
2.1 Helicon Thruster generalities
The Thesis aims to investigate the possibility of improve the performance of low
power Helicon Thrusters. From the present state of the art, low power Helicon
Thrusters are designed starting from four components schematically illustrated
in figure 2.1: a feeding system, a non-conductive tube where plasma is generated,
a RF Antenna allocated outside the non-conductive tube and a coaxial magnetic
assembly [3, 33]. The architecture obtained from adding other components (such
as dedicated coils to strengthen the magnetic nozzle or generate axial magnetic
shielding) will be discussed on the last section of this chapter. The architecture
shown in figure 2.1 is characterized by a Plasma Source with large aspect ratio
(defined as the ratio between the length and the radius of the Plasma Source)
and modest size. It is possible to design the components scaling the geometry
with respect to different aspect ratios and different volume of the Plasma Source,
but generally for low power applications the radius of the Plasma Source is on
the order of the centimeters while the length of the Plasma Source is on the
order of decimeters [33, 27].
The feeding system is allocated in the rear surface of the Helicon Thruster
and its purpose is to inject neutral gas into the Plasma Source. Depending on
the operative mode, the feeding system has to provide different mass flow rate
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Figure 2.1: Architecture of a Helicon Thruster according to the present state of
the art. The pink region inside both the Plasma Source and the Magnetic Nozzle
is Representative of the ionized propellant (Argon) composing the plasma flow.
The injection mechanism (that is the feeding system) is not shown in figure
but it is usually allocated on the rear surface of the Thruster. The magnetic
streamlines are only representative of the general shape of a magnetic field
generated by a solenoid-type magnetic assembly; it is not physically accurate.
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so that to obtain the wanted performance according to the power supplied by
the RF Antenna. In the field of low power applications, the feeding system of
Helicon Thrusters usually provides a mass flow rate of the order of 10 1 mg/s
[3, 27, 33].
The neutral propellant is injected inside the Plasma Source. Here, the RF
Antenna generates electromagnetic waves which induce plasma waves inside the
Plasma Source. The plasma waves finally excite the free electrons; this excita-
tion is thought to be the leading ionization mechanism inside the Plasma Source
[18, 14]. The ionization takes place inside a long aspect ratio non-conductive
tube. The non-conductive property of the tube is of primary importance: using
a conductive tube would generates radial currents. These radial currents would
be detrimental for the performance of the Helicon Thruster because they erode
the inner surface of the tube and, in general, they increase the wall losses.
The RF Antenna is coaxial to the non-conductive tube and its longitudinal
position is determined to optimize the ionization mechanism inside the Plasma
Source. There is a wide variety of RF Antennas which can be used to properly
ionize the propellant by means of Helicon Waves. The design of the RF Antenna
is determined by many factor briefly described in subsection 2.1.2.
The magnetic assembly shown on figure 2.1 consists of a system of coaxial
coils arranged to obtain a magnetic field equivalent to the one generated by an
solenoid [3, 22, 24]. The magnetic field is thus almost uniformly axial inside
the Plasma Source. If the particles are magnetized, the plasma flow will follow
the magnetic stream lines. This last feature, together with the axial uniformity
of inner magnetic field, enhances the radial confinement of the plasma flow,
decreasing wall losses and increasing, as a consequence, the performance of the
thruster once fixed the power supplied by the RF Antenna [3].
Over the exit of the Plasma Source, the magnetic field lines generated by
the magnetic assembly radially diverge generating a Magnetic Nozzle [1]. The
plasma flow expands inside the Magnetic Nozzle accelerating into supersonic
conditions. Sooner or later, these same magnetic streamlines would eventually
curve backwards looping around the magnetic assembly. The plasma flow has
to detach from the magnetic streamlines before reaching the turning points. In
this way the plasma can not turn back impinging the spacecraft and decreasing
total thrust efficiency.
Ultimately, the design of a magnetic assembly has to be able to guarantee:
 axial uniformity inside the Plasma Source;
 a sufficiently large and efficient expansion inside the Magnetic Nozzle;
 a correct detachment of the plasma flow.
On the other hand, the magnetic density along the magnetic streamlines strongly
influences the radial confinement and the point of the plasma detachment. To
archive these results, magnetic fields density of order 102  104 are generally
employed, depending on the particular geometry and firing operative conditions
[27, 23, 3].
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2.1.1 Feeding system and choice of propellant
In past and present industrial applications, Helicon Sources are proved to be able
to properly ionize and accelerate a wide variety of propellants. There can be used
noble gasses such as Xenon and Argon [3, 33, 27] or more reactive propellants
such as Hidrogen or Hydrazine [26]. Both the electrodeless architecture and the
radial confinement typical of Helicon Thrusters are indeed able to safely ionize
reactive gasses without incurring into the dangerous corrosion of any critical
component as long as the non-conductive tube is intact. The possibility of fire
the Helicon Thrusters choosing between a large variety of propellants can drive
the design of a large number of geometrical and power configurations. It is also
possible to employ the same thruster to fire different propellants in different
operative mode. By way of example, the HPH project aims to design a Helicon
Thruster able to fire in two different operative condition [26]: the first operative
mode is used to generate low thrust (2 mN) with high specific impulse (1500 s)
employing Argon as the injected propellant, while the second operative mode
employs Hydrazine to gain high thrust (up to 27 mN) with low specific impulse
(200 s) and low thrust efficiency.
Nevertheless, the design of a Helicon Thruster with co-existing operative
modes characterized by different injected propellant is beyond the scope of this
Thesis. To correctly characterize the effect of the magnetic field interaction with
the plasma flow in the Helicon Thrusters, Argon gas was selected as the only
propellant injected in the Plasma Source. The first reason behind this choice
lays on the large number of empirical results obtained by past testing campaigns
on Helicon Thruster employing Argon as the only propellant [28, 22, 33, 23,
27]. Argon is indeed a quite cheap propellant and a reasonable compromise
between low first ionization energy and neutral mass, where high ionization
energy would limit the power transfer between Helicon Source and plasma flow
and the low neutral mass limits the maximum thrust once the neutral density
is fixed. These compromising features are illustrated on figure2.2. Moreover,
as a noble gas, Argon can be easily stored on-board of the spacecraft without
problems regarding gas hazard and unexpected explosive reactions inside the
storing tanks. Finally, sometimes Argon in already employed as pressurizing gas
in pressure-feed tanks dedicated to storing propellant of the main propulsive sub-
system: the exhausting pressurizing Argon can thus be employed as a recycled
propellant to feed a low power Helicon Thruster on board of the same spacecraft.
Basing on the previous arguments, Argon was selected as the propellant used
in the configurations analyzed by the present Thesis.
2.1.2 Ionization and RF Antennas design
The RF Antenna is probably the critical component of the Plasma Source be-
cause it is responsible of proper plasma ionization. Despite its critical impor-
tance, it is possible to find simplified algebraic equations linking the geometry
and the frequency of the RF Antenna to the equilibrium conditions of the plasma
inside the Plasma Source. In this regards, one of the most useful equation is the
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Figure 2.2: Ionization energy as a function of the Atomic number of the ele-
ments. The peaks correspond to the noble gasses.
dispersion relation found by Chen later analyzed at the end of this sub-section
[19]. Usually the dispersion relation is employed to find the plasma equilibrium
conditions once given the geometry and working frequency of the RF Antenna
[19]. It is at least reasonable to approach the problem on the opposite point
of view: we can design the RF Antenna knowing geometrical and physicals pa-
rameters of the Plasma Source during ionization, such as the particle density,
the magnetic field density and the radius of the Plasma Source itself. The The-
sis does not aim to confirm if it is really possible to design an appropriate RF
Antenna for any given equilibrium condition. Nevertheless, as said before, it is
reasonably appropriate to think so. This hypothesis makes the design of the RF
Antenna a subordinated problem with respect of the solution of plasma physics
inside the Plasma Source. This fact enables us to discuss the mere plasma
physics of the Helicon Thruster without concentrating on the related design of
the RF Antenna.
In order to understand the link between the equilibrium conditions of Plasma
Source and the characteristics of the RF Antenna, a literature review of physics
of Helicon Waves propagation inside the Plasma Source is proposed in Appendix
A. The Appendix A concentrates on the plasma model proposed by Chen [19,
14]. The model is able to predict the rise of waving plasma wave inside the
Plasma Source when the plasma is excited by proper periodical electromagnetic
waves with frequency !. If we call k the axial wavenumber of the Helicon Wave,
Chen derives that the dispersion relation associated to the plasma waves can be
expressed as
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!k
=
3:83B0
e0n0R
(2.1)
where B0 is the equilibrium magnetic field density inside the Plasma Source,
0 is vacuum permeability, n0 is the equilibrium particle density inside the
plasma source and R is the radius of the non-conductive tube. Equation (2.1)
is exact in the case the plasma is excited in a m = 0 mode (where m is the
azimuthal wavenumber of the plasma wave), while it is only a first-order solution
in the case the plasma is excited in a m = 1 mode.
The dispersion relation is finally able to give information about the design of
the RF Antenna. The values of B0 and n0 depend on the operative conditions
of the thruster, while R is a geometrical constant of the Plasma Source. Once
the operative conditions and geometry are fixed from the analysis of the physics
of the whole Helicon Thruster presented in the Thesis, it is then possible to
evaluate !=k. On the other hand, k is strictly linked to the length of the RF An-
tenna la thanks to the relation la = =k. Finally, ! is usually chosen so that the
frequency of the RF Antenna is 13.56 MHz or one of its harmonics or subhar-
monics. It is possible to chose an appropriate value of ! so that the dispersion
relation (A.17) is satisfied and the aspect ratio of the RF Antenna is sufficiently
large in case of m = +1 main excitation (otherwise the approximation lead-
ing to the above dispersion relation is no more appropriate for m = +1 mode
excitation). The shape of the RF Antenna is determined from the azimuthal
mode the designer wants to mainly excite: m = 0 mode is preferably excited by
a multi-loop antenna such as the Nagoya III antenna [34], while the m = +1
mode is preferably excited by a right hand polarized half-helical antenna [19]
(a left hand polarized antenna would excite mainly the m =  1 mode, with
consequent detrimental effect of the ionization mechanism as it is determined
experimentally [19]).
In the further analysis the model proposed by Chen are reviewed in Appendix
A is not employed because of the difficulty encountered to extract useful scaling
laws able to describe the whole behavior of the Helicon Thrusters. A quasi-1D
model will be then derived starting from Chapter 3.
2.1.3 Plasma exhaust and Magnetic Nozzle
After the RF Antenna ionizes the neutral propellant, the resulting plasma ex-
hausts to the exit of the Plasma Source. If there was no external magnetic
field, the plasma would had simply exhausted following the stream lines defined
by its inertia. Then the particles would had eventually recombined neutraliz-
ing the exhaust plume far from the exit of the thruster. It is clear how there
is no additional thrust generation during this whole exhausting process. Nev-
ertheless, much energy is stored inside the plasma plume in form of internal
energy. As an example we now consider an adiabatic plasma flowing through
the Helicon Thruster with sonic condition of the plasma flow at the exit of the
Plasma Source. In these conditions (as would be derived on Chapter 3) the
kinetic energy of the ions is Ek = 12mic
2
s (where mi is the mass of the ions
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Figure 2.3: Two types of RF Antenna usually employed in ionizing plasma inside
a Plasma Source. The Nagoya Type 3 mainly excite the m = 0 mode, while the
Half Helical antenna mainly excite the m = +1 mode.
and cs '

KTemi
0:5
is the acoustic speed of the plasma flow) while the specific
internal energy stored inside the plasma flow is equivalent to Eth = 52KTe [3].
In adiabatic flows  = 5=3, so that Eth = 3Ek. This means that the 75% of
the total energy stored into the plasma flow is useless from the point of view of
thrust utilization.
In the Thesis we suppose that the RF Antenna completely deposits its power
only inside the Plasma Source. The flow exhausting from the Plasma Source can
thus be treated as adiabatic because there are no power sources or power wells
after the propellant leaves the Plasma Source. The adiabatic approximation is
confirmed by several experimental evidences [35, 36] although it is even common
to treat the flow exhausting from the Plasma Source as isothermal instead of
adiabatic [1, 37]. From this point of view, on of the aims of the Thesis is
to explore and evaluate the differences in the performance of isothermal or
adiabatic flows into a Magnetic Nozzle.
The performance of the Magnetic Nozzle is evaluated by means of its power
efficiency (N ) defined as the ratio between axial kinetic power of the flow (PK)
and the total power of the plasma flow (PS) exhausting from the Plasma Source
N =
PK
PS
Unfortunately, in the case of adiabatic flow, we can not employs external
sources of energy to increase the power efficiency of the Magnetic Nozzle (oth-
erwise the flow would not be adiabatic). The only way to increase the power
efficiency of the Magnetic Nozzle is thus to convert the internal power of the
plasma flow into axial kinetic power of ions.
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Figure 2.4: Schematics of a physical nozzle. The value of the local pressure p (s)
depends on the coordinate along the radial profile of the nozzle (s indeed). The
pressure strongly drop in the diverging section of the nozzle where the main
conversion between internal energy and directed kinetic energy is expected.
In a conventional chemical rocket (as in figure 2.4), the conversion of internal
power into axial kinetic power of the propellant is obtained by means of a
subsonic compression followed by a supersonic expansion. Both the compression
and the expansion are possible thanks to the proper shape of the nozzle: when
the walls converge (diverge) the fluid converges (diverges) too. If we analyze the
flow from the point of view of an ideal quasi-1D model, the local shape of the
nozzle determines the local force the wall applies on the propellant flow. This
induces axial variation of the local pressure of the flow and then, finally, the flow
is locally accelerated or decelerated. From the point of view of thermodynamics,
we usually treat the propellant flowing into the nozzle as adiabatic because there
are no energy sources inside the flow and the energy losses by means of radiation
and thermal conduction with the wall of the nozzle can usually be neglected.
Thanks to the adiabatic approximation, the variation of local pressure along the
axis induces the variation of local temperature of the flow. The power required
to accelerate (decelerate) the flow is thus obtained from (given to) the internal
power stored inside the flow of propellant.
One could think that the same design strategy could be employed even into
plasma thrusters. Unfortunately, the usual temperature of plasma flows is too
high to let it impinge into the wall of a physical nozzle. The impingement of
the wall would lead to an excessive erosion of the nozzle walls so destroying
one of the major advantage of the concept of the Helicon Thrusters: the slow
erosion ratio of the inner surfaces of the thruster. Fortunately, there exists a
way to obtain the compression or expansion of a plasma without decreasing its
expected lifetime: at the end of the Plasma Source a Magnetic Nozzle is added
instead of a physical one. As in a physical nozzle, a Magnetic Nozzle is indeed
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Figure 2.5: Schematics of a Magnetic Nozzle. The magnetic streamlines are
generated by the magnetic assembly. In the case of the figure, the magnetic
assembly consist of two magnets around the Plasma Source (they guarantee
straight magnetic lines into the Plasma Source), one throat magnet (which de-
termines a converging section of the Magnetic Nozzle so that to reach sonic
conditions at the throat) and one exhaust Magnet (which generates the diverg-
ing section of the Magnetic Nozzle). In the Reference Architecture defined in
subsection 2.3.2 the Magnetic Nozzle is generated by only a single current loop
allocated on the exit surface of the Plasma Source; there is no throat magnet in
the Reference Architecture.
able to act on the plasma flow so that to constrict its radial profile along the
axis of the thruster. The variation of local pressure enhances the power transfer
between internal power and kinetic power.
A Magnetic Nozzle uses an external magnetic field to deviate the streamlines
of the plasma flow [1, 38], while in a physical nozzle the flow is expanded or
compressed thanks to the forces exchanged between the wall and the flow itself.
From this point of view, the external magnetic field generating the Magnetic
Nozzle can either be the edge of the magnetic field generated inside the Plasma
Source or the magnetic field generated by a dedicated magnetic assembly. The
difference on the performance granted by two cases will be reviewed on the next
section. In this section will be no differences between the cases of dedicated or
non-dedicated magnetic assembly.
To understand how the Magnetic Nozzle acts on plasma, some physics of
particle interaction with external magnetic field is reviewed. If a charged particle
travels with no-zero velocity inside a magnetic field, the magnetic field generates
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a force on the particle called Lorentz Force whose analytical expression is
FL = quB
where q is the charge of the particle, u is the vector velocity of the particle
and B is the local magnetic field. The Lorentz Force is perpendicular to both
the local magnetic field and the particle velocity and it is not able to change
the total momentum of the particle. The Lorentz Force is indeed not able to
modify the modulus of both the parallel and perpendicular component of the
particle momentum with respect to the local magnetic field. The direction of
the parallel component of the particle momentum is kept constant too. On
the other hand, the direction of the perpendicular component of the particle
momentum slightly changes. The superposition of the parallel momentum and
the new perpendicular component of the particle momentum makes the particle
follow an helical orbit around the local magnetic streamline. The motion of
such a particle is illustrated in figure 2.6. The frequency at which the particle
completes a rotation around the magnetic streamline is the cyclotron frequency
!L =
qB
m
where m is the mass of the particle. The Larmor radius is thus the radius
of the local motion of the particle into the plane perpendicular to the local
direction of B and can be expressed as
rL =
u?
!L
where u? is the component of the particle velocity perpendicular to the
local magnetic field. The relative dimension of the Larmor radius with respect
of the reference length scale R of the plasma flow (for example the radius of the
Plasma Source in the case of Helicon Thrusters) determines the general shape of
the particle trajectory. The Larmor number is a non-dimensional number which
evaluates the relative dimension between the Larmor radius and the reference
length of the plasma flow
La =
rL
R
If the magnetic field density is sufficiently weak then La  1 and the particle
have essentially straight line trajectories. On the other hand, if the magnetic
field density is sufficiently strong, La  1 and the particle have trajectories
close to the local magnetic streamline. In this last approximation, the particle
is defined as magnetized.
If we extend the previous physics review to the interaction of a whole plasma
with an external magnetic field, the pattern of the streamlines of the plasma is
determined by the Larmor number of its species. If all the species in the plasma
are magnetized, the plasma is completely magnetized and the flow streamlines
follow the local magnetic streamlines. Sometimes some plasma species have
small Larmor number while other species have Larmor number of order unity
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Figure 2.6: Cyclotron drift of a particle around a straight magnetic field line.
(or even larger). In this case the plasma is said to be partially magnetized:
some species try to follow the magnetic streamlines while other species have
trajectories unaffected by the magnetic field. This is the general case when
the magnetic field density of the external magnetic field is sufficiently large to
magnetize the plasma species with low mass (such as the electrons) while it
is too small to magnetize the massive plasma species (such as the ions). It is
indeed simple to demonstrate that when the temperatures are comparable [9]
Lai
Lae


mi
me
1=2
In the case of Argon propellant

mi
me
1=2
' 2:7  102 and so there are two
orders of magnitude between the relative magnetization. This could lead at a
partially magnetized regime inside the Magnetic Nozzle. Finally, if the magnetic
field density of the external magnetic field is too weak, all the particles are not
magnetized and the plasma is not magnetized too.
The Magnetic Nozzle exploits the magnetization of the plasma. Imposing a
sufficiently strong external magnetic field it is possible to magnetize the plasma
so that its particles will follow the magnetic streamlines. In this way it is
possible to impose the expansion of the plasma flow by simply designing a proper
diverging magnetic field. If the plasma is completely ionized, the whole plasma
follows the magnetic streamlines. In this case one can conceive the magnetic
streamlines as boundaries which can not be crossed by the plasma in the same
way a wall of a physical nozzle can not be crossed by the propellant flow. In
an axisymmetric problem these boundaries are obtained by the rotation of the
magnetic streamlines around the axis and resemble infinite co-axial tubes inside
which the plasma flow.
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If the plasma is only partially magnetized, the magnetized species flows into
the magnetic tubes in the same way a fully magnetized plasma would do. On
the other hand, the weakly magnetized species will cross the magnetic tubes in
a converging or diverging way depending on the specific problem. As previously
said, in a partially magnetized plasma the electrons are magnetized and will
then follow the magnetic streamlines, while the ions are not magnetized. In this
case the flow streamlines of electrons and ions do not coincide: the streamlines
which start on the the same radial coordinate at the throat of the Magnetic
Nozzle will end up well separated after a distance of some radii from the throat
[3].
Finally, if the plasma is non-magnetized the flow streamlines of both species
will separate from the magnetic streamlines. The separation happens in a con-
verging or diverging way depending on the species and on the specific problem.
This approach can be employed in those cases where it can be interesting evalu-
ating the physical effect of a more precise electron dynamics where the electron
streamlines are sufficiently separated from the magnetic streamlines generating
non-neglettable physical effects [39].
Unfortunately, is not always possible to define the nozzle geometry by only
imposing the external magnetic field. The plasma dynamics generates currents,
and the currents generate induced magnetic field as it is known from the Ampere
law. This means that in certain operative conditions the plasma could gener-
ate induced magnetic fields whose magnetic field density is comparable (if not
larger) than the magnetic field density of the external magnetic field [38]. The
parameter which discriminates if the plasma flow is able to generates relevant
inducted magnetic field is the  parameter defined as
 =
n0KTe
B20=(20)
where n0 and B0 are respectively the particle density and the magnetic field
density at the center of the throat of the Magnetic Nozzle, while Te is the elec-
tron temperature at the throat of the Magnetic Nozzle. The  parameter can be
interpreted as the ratio between the thermodynamic pressure and the magnetic
pressure, where the magnetic pressure is an artificial pressure found decompos-
ing the Lorentz force into components along a coordinate system defined by
the local magnetic stream line (a complete derivation of the magnetic pressure
gradient is be provided in [40]). If   1, the shape of the magnetic nozzle
is determined by the total magnetic field given by the superposition of the in-
duced magnetic field and the external magnetic. The total magnetic field can
be determined by iterative procedure [38]: the dynamic of the plasma is solved
in the non-inductive limit, then the induced magnetic field is calculated and the
total magnetic field is found by superposition; the procedure is iterated in the
non-inductive limit using as equilibrium field the total magnetic field found in
the previous step.
The Thesis do not take into consideration the cases for which is verified
  1. In fact, in low power applications nether the plasma density or the
electron temperature are so large to generate large  parameter if the magnetic
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Magnetic Nozzles in the case of a partially magnetized plasma (in the first
frame) and in the case of separate non-perfectly magnetized electrons (in the
second frame). The x-axis represents a non-dimensional axial scale and the
y-axis represents a non-dimensional radial scale. In the first frame, the
magnetic streamlines are solid and thin lines, while the solid and thick line is
the outer magnetic streamline. In the second frame the solid and thin lines are
the electron flow streamlines, while the solid and thick lines are the magnetic
streamlines. In both frames the dashed thin lines are the ions streamlines.
Images from [1] and [39].
46
field density is large enough (as we would expect in high performance Helicon
Thrusters). For example, if n0 = 1018m 3, Te = 30 eV and B0 = 0:1T we
obtain  = 1:2  10 3  1. The shape of the magnetic nozzle is thus entirely
defined by the magnetic assembly generating the external magnetic field.
2.2 State of the art Performance
As it should be clear from the previous sections, the concept of the Helicon
Thruster here presented makes use of magnetic assemblies to generate strong
external magnetic field: in the Plasma Source the axial magnetic field is em-
ployed to correctly ionize the neutral propellant and to radially shield the plasma
flow, while in the Magnetic Nozzle the magnetic streamlines define the radial
profile of the nozzle. The critical importance of the magnetic assembly becomes
clear when we analyze the results obtained from experimental testing of Heli-
con Thrusters where no external magnetic assembly is employed. In 2011 [33]
Lafleur et. al studied a Helicon Thruster configuration without employing ex-
ternal magnetic assembly. Their experimental data fits in an appropriate way
the physical quasi-1D model proposed by the author, but the performances ob-
tained are too poor compared to other electric thrusters. From the definition of
thrust efficiency (1.2) the Helicon Thruster attested T < 1%, while a common
HET should reach at least a thrust efficiency of order 40%. Lafleur in first place
explained the poor performance obtained by means of incomplete propellant
ionization. Nevertheless, in more recent studies [23] Takahashi and al. demon-
strated as the thrust efficiency of a similar configuration could be increased to
nearly 8% employing a permanent magnet assembly reaching on-axis peaks of
magnetic field density of about 300G. Moreover, Lafleur himself later expanded
his theoretical model to describe Helicon Thrusters with performance enhanced
by an external magnetic field [24]. The analytical results well fit the empirical
results obtained by Takahashi and predict thrust efficiency up to 22% when an
external magnetic field density of order 1000G is applied to the same configura-
tion. One can obtain similar results if the external magnetic field is generated
by means of electromagnets instead of permanent magnets [41]. These empirical
results confirm the importance of applying strong magnetic field to the Helicon
Thrusters.
To reach higher performance is essential to understand how the magnetic
field quantitatively influences the physics of plasma inside an Helicon Thruster.
This is the aim of Chapters 3, 4 and 5. In first place is although convenient to
find out which are the larger sources of power losses inside the Helicon Thruster
and how we can conveniently improve the design of the magnetic field topology
in order to obtain higher values of thrust or power efficiencies. The general
magnetic topology derived in the following subsections will be the reference
magnetic topology applied on the Helicon Thruster discussed in Chapters 3, 4
and 5.
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Figure 2.7: Structure of a plasma sheath. The potential drop with respect to
the biased potential of the bulk plasma is due to the large thermal electron flux
to the wall (here called substrate). The equilibrium conditions are reached when
the potential drop is sufficiently large to balance both the ions and electron flux
to the wall.
2.2.1 Power losses inside the Plasma Source
In the Plasma Source the larger sources of power losses are the power fluxes
towards both the lateral wall and the back plate. In both cases the fluxes
are established by the presence of a plasma sheath that is a thin plasma layer
near the walls where the quasi-neutrality condition is no more an appropriate
hypothesis. In the absence of a plasma sheath, the electron flux to the wall
would be larger than the ions flux because the larger electron thermal velocity
causes an intense diffusivity of electron towards the walls. The large electron
flux towards the wall then generates a negative potential at the wall. The
negative potential, on one hand, decreases the electron flux towards the wall
and, on the other hand, it accelerates the ions towards the wall until the two
fluxes are the same. At equilibrium conditions, at the inner edge of the plasma
sheath the ions are accelerated to the Bohm velocity [9] which, in isothermal
plasmas, is equal to the acoustic speed of the plasma cs. To respect current
ambipolarity, the mean electron flux at the sheath inner edge is the same of the
ions one. If Ei and Ee are respectively the kinetic energies of ions and electrons,
the total power flux towards the wall is then proportional to the sum of the two
contributions and of the thermal power to the walls, which is associated to the
random motion of electrons.
The fluxes to the lateral wall and to the back plate are correctly decreased
employing very different strategies. For what concerns the first case, the re-
duction of power flux is treated as a merely diffusive problem in axisymmetric
configuration: if the particle diffusivity towards the lateral wall is reduced, the
particle density at the inner edge of the sheath is reduced too. The reduction of
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Figure 2.8: Electron dynamics inside a cylindrical tube in the case of non-
magnetized and magnetized electrons. In the case of magnetized particles, the
cross-field diffusion of particles to the wall mainly derives from collisions.
particle density will reduce the power flux because the radial velocity is fixed by
the Bohm condition. As can be easily found in literature [40] a simple way to
decrease radial plasma diffusivity is to add an appropriate axial magnetic field.
In the case of fully magnetized and fully ionized plasmas, from a theoretical
basis the radial diffusivity should be proportional to B 2. Unfortunately, ex-
perimental evidence do not confirm the theoretical results and attests the radial
diffusivity to be proportional to B 1; this phenomenon is known as anomalous
diffusivity. In any case, the presence of an axial magnetic field decreases the
radial diffusivity with increasing benefits on the performances of the thruster
the more B increases.
For what concerns the power flux to the back plate of the Plasma Source,
here the uniform axial magnetic field do not solve the problem of power losses.
In this case, the particle streamlines are indeed perpendicular to the back plate.
This means that the flux towards the back plate is not diffusive (that would be
perpendicular to the local direction of the flow streamline) but it is a proper
macroscopic flux entirely similar to the exhausting flux. To reduce the axial
power flux a magnetic mirror is usually employed. The goal of a magnetic
mirror is indeed to reflect most of the particles which move directly towards the
region the mirror shields. In a cylindrical geometry, one can obtain a magnetic
mirror by simply designing magnetic stream tubes converging to the axis while
they approach the back plate. It can be indeed demonstrated [40] that inside
a slowly converging magnetic tube a force Fk parallel to the axis of symmetry
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acts on a charged particle . This force is equal to
Fk =  rkB
where rkB is the gradient of the magnetic field density along the magnetic
streamlines and  is the magnetic moment of a gyrating particle defined as
 =
1
2mv
2
?
B
The magnetic moment of a particle remains invariant into the magnetic
mirror: the local magnetic field density and the perpendicular velocity will
variate to keep  equal to the values the particle assumed at the entrance of the
magnetic mirror. Using the zero-subscript to indicate the physical quantities
the particle assumes at the entrance of the magnetic mirror, the conservation
of  implies that
1
2mv
2
?
B
=
1
2mv
2
0?
B0
(2.2)
While approaching the back plate, the stream tubes converges to the axis. More-
over, from the definition of a magnetic stream tube, the total magnetic stream
is constants inside the magnetic stream tube. These two features causes the
local magnetic field density to increase as the particle moves along the magnetic
streamline. This generates a positive gradient of B which causes a negative
axial force opposing the motion of the particle towards the converging region. If
the magnetic moment of the particle and the value of rkB are sufficiently large,
eventually the particle could reach the vk = 0 condition: the particle stops and
then turn back to the entrance of the magnetic mirror. Moreover, during the
whole decelerating process the magnetic field can not variate the total energy
of the particle, so that at the turning point it is verified that
v2T? = v
2
0 (2.3)
where vT? is the perpendicular velocity of the particle at the turning point.
Combining equations (2.2) and (2.3), one can obtain
B0
BT
=
v20?
v2T?
=
v20?
v20
If the ratio between v20? and v
2
0 is sufficiently large then BM > BT (where
BM is the magnetic field density at the end of the convergence of the magnetic
mirror) and the particle is correctly repelled by the magnetic mirror.
The magnetic mirror theory here presented is able to predict the general
results obtained by adding an axial magnetic field converging to the axis. Nev-
ertheless, in the case of the magnetic shielding of the back plate in Helicon
Thrusters we do not assume a particle description of the plasma in favor of a
fluid model involving an isothermal plasma flow inside a magnetic stream tube.
This model is expected to reassemble the general behavior of the magnetic mir-
ror in terms of the reduction of power flux to the back plate.
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Figure 2.9: Reflection mechanism of a magnetic mirror. The particle traveling
along the magnetic stream tube is reflected before the throat of the magnetic
mirror is reached.
2.2.2 Power losses and incomplete power conversion inside
the Magnetic Nozzle
There are three main problems which dramatically influence the power efficiency
N of a Magnetic Nozzle: the turning of the plasma flow towards the back of the
thruster, the incomplete expansion of the plasma flow and the radial divergence
of the detached flow. In the present subsection the general physics behind the
sources of power loss in a Magnetic Nozzle is discussed. The description is
indeed useful to understand why a dedicated magnetic assembly is needed to
generate a Magnetic Nozzle characterized by an appropriate value of N .
The first problem emerges when the magnetized plasma approaches the point
where the magnetic streamline axially turns to the back region of the thruster.
The turning point is due to the r  B = 0 Maxwell Equation: the magnetic
streamlines are closed lines independently from the magnetic topology chosen
to design the Magnetic Nozzle. As a consequence, a perfectly magnetized plasma
could follow the magnetic streamlines even after their turning point, so gener-
ating a negative component of the thrust vector (decreasing the thrust and
power efficiency of the Magnetic Nozzle) and damaging the surfaces of both the
thruster and the spacecraft. As can be seen on figure 2.10, every streamline
turns at a different axial point and with increasing radial expansion. The first
magnetic streamline to turn is the outer streamline (where we define the outer
streamline as the streamline whose radial coordinate at the throat of the Mag-
netic Nozzle is equal to the radius of the non-conductive cylinder of the Plasma
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Figure 2.10: Plasma flow inside a Magnetic Nozzle. The x-axis represents a
non-dimensional axial scale and the y-axis represents a non-dimensional radial
scale. The outer magnetic streamline is here indicated as  P . The plasma is
completely magnetized in the whole volume of the Magnetic Nozzle and remains
attached to the magnetic streamlines even after the turning point of the outer
magnetic streamline is reached.
Source). If the plasma approaching the turning point is still magnetized, then
the outer streamline is the first flow streamline to turn toward the thruster.
The turning point on the magnetic streamlines can be more axially or radially
distant from the throat of the Magnetic Nozzle depending on the shape of the
Magnetic Nozzle itself, but eventually a magnetic streamline turns.
Fortunately, it is possible to avoid the plasma turning by making the plasma
detach from the magnetic streamlines before the turning point. During detach-
ment the flow streamline simply starts diverging from the respective magnetic
streamline. If the detachment mechanism is sufficiently fast it can be modeled
so that to happens on a specific point along the flow streamline. Assuming this
to be a proper approximation, after the detachment the flow streamline will pro-
ceed on a straight line coinciding whit the tangent of the magnetic streamline in
the point of detachment. If the point of detachment is before the turning point
along the magnetic streamline, the plasma flow will not turn. Unfortunately,
the physical mechanism of plasma detachment is still a controversial topic far
away to be solved [42, 38, 43, 44]; a more detailed description of the most reli-
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Figure 2.11: Detachment of the plasma flow streamlines (solid black) from the
magnetic streamlines (dashed red). The x-axis represents a non-dimensional
axial scale and the y-axis represents a non-dimensional radial scale. The dif-
ferent colors inside the plasma flow correspond to the induced current. The
approximate point of detachment of the outer magnetic streamline is circled in
the figure. In the case of non-neglettable induced magnetic field, the induced
current is stronger in the region near the point of detachment.
able present theories about the plasma detachment in Magnet Nozzle is given
on the last section of Chapter 5. Because of the uncertainties on determin-
ing the axial coordinate of the plasma detachment for every flow streamline, a
simplified approach is employed in the Thesis: every flow streamline detaches
from the proper magnetic streamline at the same axial coordinate. The power
efficiency of the Magnetic Nozzle will thus be evaluated in Chapter 5 depending
on the axial coordinate of the plasma detachment. The precise evaluation of
N can only be accomplished after a more deep insight about the mechanism of
detachment is conquered; this will be one of the most important target of future
works following the Thesis.
To completely avoid the turning of plasma, the maximum allowed axial co-
ordinate of detachment correspond to the axial coordinate of the nearer turning
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point to the throat. As said before, the nearer turning point happens to be
the one associated to the outer magnetic streamline. The maximum axial coor-
dinate then limits the maximum area ratio between the section of detachment
and the throat. Intuitively, as in conventional chemical rockets, the larger is
the area ratio between the inlet and outlet sections of the nozzle, the larger the
expansion ratio is. Then from the adiabatic thermal law
Te
Te0
=

n
n0
 1
(where the zero-subscript refers to the temperature and particle density eval-
uated on the same streamline at the throat and  = 5=3 in adiabatic flows) the
larger is the expansion ratio, the larger the temperature drop is. A larger tem-
perature drop implies a larger transfer from internal power to kinetic power
which is favorable for increasing N . The designer should thus obtain the larger
possible area ratio.
Two different Magnetic Nozzles with the same radial detachment coordinate
and the same radius at the throat have the same area ratio. Intuitively again,
the same area ratio implies similar power transfer from thermal to kinetic power
(this sentence will be numerically demonstrated on Chapter 5) even on different
Magnetic Nozzle. Nevertheless, the value of N of the two Magnetic Nozzles is
not the same because of the divergence of the flow streamlines at detachment
[1]. From the point of view of increasing N , it is not important to obtain large
kinetic power but it is instead important to obtain large axial kinetic power.
Once fixed the area ratio (that is the total kinetic power of the plasma flow) the
larger is the flow divergence, the smaller are the axial kinetic power and N . As
can be seen on the figure 2.12, the more distant is the detachment point from
the throat, the lesser the divergence is and then the larger N is.
The previous considerations enlightened the importance of obtaining large
area ratio and low divergence of the flow streamlines. One can thus understand
why it is not convenient generating a Magnetic Nozzle only form the outer edge
of the magnetic field generated by the magnetic assembly of the Plasma Source.
As already anticipated in the previous section, it is indeed sufficient to add an
axial magnetic field inside the Plasma Source to generate a Magnetic Nozzle
because the magnetic field generated by a solenoid tends to radially diverge
over the axial edges of the solenoid. Unfortunately, the turning point of the
outer magnetic streamline generated by such a magnetic assembly is extremely
close to the throat. The respective maximum area ratio is so small that one can
expect a really low power transfer from internal to kinetic power. Moreover, the
magnetic stream lines diverges so rapidity that one can predict a large divergence
of the flow stream lines at the axial coordinate of the turning point. These two
consideration predict an overall low value of N in the case of a Magnetic Nozzle
generated by a solenoid-type magnetic assembly; this intuition is confirmed by
the results obtained by the model proposed on Chapter 5.
To obtain appropriate values of N a designer can not relays only on the
magnetic field generated by the magnetic assembly of the Plasma Source: a
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Figure 2.12: Magnetic Nozzles corresponding to different geometries of the mag-
netic assembly. The x-axis represents a non-dimensional axial scale with respect
to the radius of the magnetic loop generating the magnetic nozzle rL, while the
y-axis represents a non-dimensional radial scale with respect to rL. The outer
radius of the two Magnetic Nozzle (thick solid black lines) correspond to the a
short and a long Magnetic Nozzles. The turning point of each Magnetic Nozzle
is encircled in thick dashed red lines; the maximum expansion ratio of a longer
Magnetic Nozzle is thus much larger. The outer flow streamline after the detach-
ment is shown for both configurations for the same non-dimensional expansion
ratio; the divergence of the flow is thus lower the longer is the Magnetic Nozzle.
Moreover, the longer is the Magnetic Nozzle the larger is the respective value of
rL. The divergence of the long Magnetic Nozzle is thus much smaller than the
one of a short Magnetic Nozzle once the dimensional expansion ratio is fixed.
Image from [1].
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dedicated magnetic assembly is therefore needed. Usually this magnetic assem-
bly is treated as an equivalent current loop placed on the plane of throat and
coaxial with the thruster. The current loop generates indeed a diverging mag-
netic field whose magnetic streamlines have a shape strongly depending on the
ratio between the radius of the current loop and the radius of the throat [1].
The superposition with the magnetic field generated by the solenoid increases
the divergence of the Magnetic Nozzle and decreases the maximum expansion
ratio at the turning point; in this case we refer to the Magnetic Nozzle as a real
Magnetic Nozzle. The decrease in the performance of a real Magnetic Nozzle is
treated more specifically in Chapter 5.
2.2.3 Total power efficiency of the Helicon Thruster
Following what was said until now, adding a axial magnetic field along the
Plasma Source and a Magnetic Shield in the proximity of the back plate increases
the power efficiency of the Plasma Source defined as
S =
PS
PRF
where PRF is the power the RF Antenna employs to ionize and energize
the plasma. Unfortunately, as will be fully explained in Chapter 5, decreasing
the power losses into the Plasma Source is not sufficient to increase the power
efficiency of a Helicon Thruster to an acceptable level. In fact, as was said at
the beginning of the previous section, the kinetic energy of exhausting flow at
the throat of the thruster is only the 25% of the total power stored inside an
adiabatic flow. If, for example, we manage to double the power efficiency of the
Plasma Source from 20% to 40%, the kinetic power at the throat increases only
from 5% to 10%. The remaining power gain of 15% is lost in internal power
stored inside the plasma flow, unless the Magnetic Nozzle is properly designed
to convert the unused internal power in axial kinetic power. At the same time,
if the power efficiency of the Plasma Source is too poor, even a well designed
Magnetic Nozzle will convert only a small amount of the whole power employed
by the RF Antenna. From this point of view, increasing the power efficiency
of the Plasma Source is convenient to increase the total power stored inside
the plasma flow, while increasing the power efficiency of the Magnetic Nozzle is
convenient to increase the kinetic power of the plasma flow. We need to adopt
both strategies if we want to reach an acceptable power efficiency of the Helicon
Thruster defined as
HT =
PK
PRF
=
PS
PRF
 PK
PS
= S M
2.3 The Shielded HT Model
The model of plasma physics employed in Chapters 3, 4 and 5 is described in
the present section. The model distinguishes three regions inside the Helicon
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Thruster: the Plasma Source, the Magnetic Shield and the Magnetic Nozzle.
Any single region will be separately analyzed in the dedicated Chapter: there
the specific hypothesis about the plasma physics inside the single region are
enunciated, the model of plasma physics is developed and the results about the
power efficiency of the region are obtained and discussed. On the other hand,
in the present section general assumptions on the physics of the whole thruster
are enunciated and the reference architecture is presented along with a general
description of the boundary conditions between adjacent regions.
2.3.1 Physical Assumptions
During the present Chapter many hypothesis about the physical conditions of
plasma inside a Helicon Thruster were given. Some of these conditions are
merely relative to a specific region, while other conditions are relative to the
whole plasma inside a Helicon Thruster. In the present subsection the common
hypothesis are collected and listed.
Three regions. The Helicon Thruster is divided in three regions each char-
acterized by a different geometry and topology of magnetic field there generated.
The regions are defined as axially subsequent with zero-dimension boundary
conditions between them. In each region some simplifying hypothesis are made
to reach the deepest analytical insight about the plasma physics of the region.
The following hypothesis are common to all the three regions.
Cylindrical geometry. A local Cylindrical Coordinate System (ir,i,iz) is
employed to describe each region. The iz unit vector coincides with the axis of
the thruster and points from the back plate to the exit of the Plasma Source. A
convenient axial origins will be defined for any specific region in the dedicated
Chapter.
Axisymmetric magnetic field. The external magnetic field is axisym-
metric in any region of the Helicon Thruster so that its general expression is
B = Brir +Bziz
Non-inductive limit. The currents inside the plasma are not sufficiently
strong to generates induced magnetic fields whose magnetic field density can be
compared with the magnetic field density of the external magnetic field. This
implies that
 =
n0KTe
B20=(20)
 1
Quasi-neutrality. Quasi-neutrality is an appropriate approximation in the
whole plasma except for the region where the sheath is established near the
walls of the Plasma Source. If we assume the sheath to be sufficiently thin, then
the following relation must be satisfied in a quasi-neutral plasma
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d0 =
r
"0KTe0
e2n0
 le0 =
p
KTe0me
eB0
where d0 is the characteristic dimension of the Debye length (that is the
distance from a particle at which one can distinguish the electric field generated
by the particle itself), le0 is the electron gyroradius, "0 is the vacuum permit-
tivity while Te0, n0 and B0 are the reference values respectively of the electron
temperature, particle density and magnetic field density.
Fully magnetized. All the species of the plasma are magnetized so that
the whole plasma is fully magnetized. Under this approximation the magnetic
streamlines and the flow streamlines never diverges until detachment. One can
then find the flow streamlines from the analytical or numerical expression of
the magnetic streamlines of the externally imposed magnetic field. To be fully
magnetized, the plasma has to satisfy
li0  R
where li0 is the ions gyroradius and R is the characteristic length scale of
the Helicon Thruster. This condition is equivalent to impose Lai  1 as it was
already said on subsection 2.1.3.
Stationary three fluids description. The plasma is composed by three
species: electrons, ions and neutrals; the e/i/n subscripts refer to quantities of a
single plasma species. Both electron and ion species are singularly ionized and
only their equilibrium behavior is analyzed. The fluid equations are enlisted
at the end of the subsection after all other general hypothesis are enunciated.
The neutral dynamics is extremely simplified in order to obtain analytically
manageable equations. Usually a constant and uniform neutral velocity it is
sufficient to describe the physics of Helicon Thrusters [3]. In particular, in the
Magnetic Shield and the Magnetic Nozzle regions the model will be reduced to
a two fluid description where the neutrals dynamic is assumed to not influence
the general plasma physics.
Longitudinal ambipolarity and Azimuthal velocities. The velocity of
each j-th species can be divided into its longitudinal and azimuthal components
uj = ~uj + uji#
where ~uj is the longitudinal velocity that is the component of the local
velocity vector parallel to the local flow streamline. To guarantee that no radial
or axial current is generated, free flow longitudinal ambipolarity is imposed,
so that ~ui =~ue. One has to impose ue 6= 0 otherwise there will not be energy
transfer between different plasma species as will be enlightened in Chapter 5. On
the other hand, from experimental observation [3] one can impose that ui = 0
that is ui = ~ui. This hypothesis is thought to be sufficiently accurate even into
the Magnetic Nozzle where in literature is sometimes imposed the hypothesis
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ui 6= 0 to evaluate the effect on the plasma dynamics of the divergence of the
ions streamlines from the magnetic streamlines [1].
Neglected electron inertia. Electron inertia will generally be neglected
apart form a thin layer near the lateral walls of the non-conductive tube in the
Plasma Source where the inertial cylindrical-term becomes of central importance
to understand the power transfer to the walls [2, 3].
Neglected ion pressure. The Ti=Te term is usually small because of the
small mobility of ions and do not affect in any way the qualitatively solution of
the presented model [2, 1, 14, 38, 22]. This causes the ions pressure gradient
term to be neglected too combining the perfect gasses constitutive equation and
isothermal or adiabatic thermal laws.
Neglected viscous term. In ideal plasma the viscous terms can generally
be dropped without affecting in any way the qualitatively solution of the model
of plasma physic [40].
For a three fluid description, the general set of equations describing a quasi-
neutral plasma dynamic of charged species is
r  (nuj) =  r  (nnun) j = i; e (2.4)
r  (nnun) =  nion (2.5)
mjnujruj = qjn (E+ uj B) rpj  r  j +Pjk +Pjn j = i; e ; k = e; i
(2.6)
un = un (r; ; z) (2.7)
pj = Cjmjn
 j = i; e (2.8)
pj = nKTj j = i; e (2.9)
where ion is the ionization frequency, r  j is the viscous term,
Pie =  Pei =  mene (ui   ue) ei (2.10)
is the collisional term between charged species while
Pjn =  mjnj (uj   un) jn (2.11)
is the collisional exchange of momentum between a charged specie and the
neutral one (ei and jn are indeed the collisional frequency frequencies) and
finally Cj and  are parameter depending in the plasma thermodynamics condi-
tion. In the equation set, equation (2.4) is the continuity equation of the charged
species, equation (2.5) is the continuity equation for neutral fluid, equation (2.6)
is the momentum equation of the charged species, equation (2.7) is equivalent
to the momentum equation for neutral fluid while equation (2.8) and equation
(2.9) are respectively the thermal and constitutive equations of the charged
species. No thermal and constitutive equations of the neutral fluid are required
since we are not interested in predicting the neutral dynamics. Assuming all
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the hypothesis previously enunciated to be appropriate in a Helicon Thruster,
the set of equations can be simplified and the three fluids model is reduced to
the following equations
r  (nui) =  r  (nnun) (2.12)
r  (nue) =  r  (nnun) (2.13)
r  (nnun) =  nion (2.14)
min~uir~ui = en (E+ ~ui B) +Pie +Pin (2.15)
men

 u
2
e
r
ir +

ur
du#e
dr
+
urue
r

i

=  en (E+ ue B) rpe  Pie +Pen
(2.16)
un = uniz where un = const: (2.17)
Te = const: (isothermal) or Ten
1  = const: (adiabatic) (2.18)
pe = nKTe (2.19)
The boundary conditions for the specific region are detailed on the dedicated
Chapters. They have to guarantee physical and geometrical coherence at the
interface between different regions. The set of equations is still to complex to be
approached analytically. More hypothesis are then given in the next Chapters
depending on the specific region there analyzed.
2.3.2 The Reference Architecture
The following Chapter always refer to a Reference Architecture for what con-
cerns the scaling processes. The Reference Architecture here presented is based
on the low power Helicon Thruster described by Ahedo [3]. To accomplish
the aims of the Thesis, two currents loops were added to the configuration.
This is completely coherent with the strategies found on the previous section
to decreases the power losses on the Helicon Thruster. The first current loop
(MS-loop from now on) is ideally allocated on the same axial coordinate of the
back plate and generate the Magnetic Shield effect. The second current loop
(MN-loop from now on) is ideally allocated on the same axial coordinate of the
throat of the Magnetic Nozzle and together with the magnetic assembly they
indeed generate the Magnetic Nozzle. The scheme of the Reference Architecture
is shown in figure 2.13.
The reference imposed physical conditions are here enlisted:
 Non-conductive cylinder: L = 0:1m, R = 1cm;
 Mass flow rate: _m = 0:1mg/s of Argon propellant;
 Neutral velocity: un = 310m/s;
 External power provided by the RF Antenna: PRF = 50W;
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Figure 2.13: Scheme of the Reference Architecture. Only the magnetic stream-
lines inside the upper half of the Helicon Thruster are shown in figure. The
magnetic streamlines are supposed to close beyond the boundaries of the figure.
The magnetic streamline between the non-conductive tube and the magnetic
assembly are not shown in figure.
 Magnetic field intensity inside the Plasma Source: BS = 0:1T;
 Non dimensional radius of the equivalent solenoid inside the Plasma Source:
%S =
Rsolenoid
R = 1:1;
 Magnetic field intensity generated by the MS-loop at the center of back
plate: BMS = 0:1T;
 Non dimensional radius of the MS-loop: %M = RMS loopR = 1;
 Magnetic field intensity generated by the MN-loop at the center of throat:
BMN = 0:1T;
The reference non-dimensional radius of the equivalent solenoid is approximately
calculated from other reference geometries [27]. The non dimensional radius
of the MS-loop is instead numerically calculated to guarantee compatibility
with boundary conditions at the interface between the Magnetic Shield and the
Plasma Source concerning the axial velocity profile (more details are given on
Chapter 4). Finally, the non dimensional radius of the MN-loop is not previously
enlisted because in Chapter 5 are analyzed several geometrical configurations
at the same time.
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Chapter 3
Plasma Source
The performance of a radially shielded Plasma Source are here derived and
analyzed. In the first section the plasma model of the Plasma Source is derived
from the more general Shielded HT Model; a Modified Reference Architecture
is then solved in the case of no axial magnetic shielding and the results are
analyzed and discussed. In the second section the scaling laws of the Plasma
Source are derived and analyzed at constant and non-constant power efficiency.
In the third section the performance of the Plasma Source is finally analyzed.
Moreover, a first prediction of the overall performance of the Helicon Thruster
is derived. The result of the analysis confirm the need of adding axial magnetic
shielding to gain an acceptable power performance.
3.1 Plasma model of Plasma Source
In the present Chapter the performance of a radially shielded Plasma Source
is derived and analyzed. As in the Reference Architecture (RA) described at
the end of the previous Chapter, the Plasma Source here analyzed conveniently
consists of a non-conductive cylinder with an opened exhausting end. With
respect to the RA, in the present Chapter a Modified Reference Architecture
(MRA) is analyzed. The changes are both on the physical geometry and on the
general magnetic field topology. Firstly, the MS-loop is removed in the MRA
causing the magnetic streamlines to straighten in the proximity of the back
plate. Secondly, the Magnetic Shield stage is replaced by the direct contact
between the Plasma Source and the back plate of the Helicon Thruster. The
effect of the MS-loop on the performance of the Helicon Thruster is analyzed in
Chapter 4 instead.
As will be clear from the following sections, the plasma flow into a Plasma
Source is merely subsonic reaching sonic condition only in the proximity of the
boundaries of the Plasma Source [3]. The sonic conditions enable us to study the
problem independently from the physics of the subsequent stage of the Helicon
Thruster (that is the Magnetic Nozzle). Moreover, the present Thesis do not
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evaluate the effect of the MN-loop on the magnetic field in the proximity of the
opened extremity of the Plasma Source. The implicit use of this approximation
is evident from both the RA and MRA: if the effect of the MN-loop on the
total magnetic field had been taken into consideration, the magnetic streamlines
approaching the throat would had converged towards the axis because of the
axial increase of the total magnetic flux. This non-uniformity in the magnetic
field inside the Plasma Source is inconsistent with the hypothesis of a uniform
and purely axial magnetic field in the whole Plasma Source. As a consequence,
the MN-loop is assumed to affect only the external magnetic topology. This
last assumption, together with the independence of the physics of the Plasma
Source from the physics of the Magnetic Nozzle, enable us to analyze the MRA
removing the MN-loop from the RA. This is of critical importance if we want
to express the total power efficiency of an Helicon Thruster HT as the product
of the two independent contributions S and N . One can study the MRA
referring to figure 2.1.
The plasma model derived in the present section is essentially equivalent to
the one proposed by Ahedo for analyzing Plasma Source dedicated to electric
propulsion [3, 2]. The model will be modified in Chapter 4 after the effects of
the MS-loop are taken into consideration. In the case of the Plasma Source
Ahedo separates the radial and axial plasma dynamics thanks to proper ap-
proximations about the radial and axial profile of the plasma properties. It is
indeed employed a variable-separation technique to study the radial response
of the plasma dynamics. The radial dynamics is the input of the axial analysis
of the Plasma Source thanks to which the derivation of the performance of the
Plasma Source is possible.
3.1.1 Radial Model
The Radial Model was firstly proposed by Ahedo [2] aiming to investigate the ra-
dial diffusivity of plasma in an isothermal Plasma Source. Ahedo was interested
in studying the results of different magnetization and collisional regimes. The
present Thesis, on the contrary, aims to investigate only a highly magnetized
regime whose solution can be analytically treated.
The equations (2.12)-(2.19) of the Shielded HT Model can be further sim-
plified in the case of the present analysis. In the first place, all derivatives
with respect to the axial coordinate are neglected (the axial dependence of the
problem is regained of the next subsection). In the second place, volumetric
production of particles w (which both includes ionization and diffusion) and
binary collision frequencies ei, en and in are employed to express the terms of
particle production r (nnun) and particle momentum transfer though collision
Pjk from the relations (2.10)-(2.11)
Pie =  Pei =  men (ui   ue) ei
Pjn =  mjnj (uj   un) jn
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In the third place, the convective term of the electron inertia can not be
canceled because, as will be seen in the results of the Radial Model, it becomes
the leading term in determining both the electron velocity and the particle den-
sity in a small region between the bulk plasma and the plasma sheath; electron
inertial term is thus fundamental to predict the power fluxes to the lateral walls.
Finally, uniform electron temperature Te is imposed in the whole Plasma Source
so that plasma flow is isothermal. This is a reasonable hypothesis because the
electrons can reach thermalisation through collisions and it is confirmed as an
appropriate hypothesis from experimental evidence [45]. A non-uniform elec-
tron temperature profile would be more physically appropriate, but the strong
coupling between the radial model and the power equation from which equi-
librium Te is derived prevents the problem to be analytically approached. The
isothermal hypothesis makes possible to express the rpe term of the electron
momentum equation using the constitutive law of perfect gasses, so that
1
n
rpe = 1
n
r (nKTe) = KTer ln (n)
The set of equations (2.12)-(2.19) can then be reduced to
1
r
d
dr
(rnur) = nw (3.1)
ur
dur
dr
=   e
mi
d
dr
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(3.4)
where  is the electric potential  r = E, !lh is the lower hybrid frequency
!lh = eB (mime)
 1=2 , cs =
p
KTe=mi is the plasma acoustic speed and i and
e are total equivalent collision frequencies defined as
i = in + w
e = ei + en + w
The upper set of equations consists of: a continuity equation (3.1) equivalent
to both (2.12) and (2.13), the radial component (3.2) of the ions momentum
equation (2.15), the radial (3.3) and azimuthal (3.4) components of the electron
momentum equation (2.16). The four variables in equations (3.1)-(3.4) are ur,
ue,  and lnn. The boundary conditions are imposed on the center of the
section (r = 0)
ur = ue =  = ln (n=n0) = 0 (3.5)
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where n0 = n(0). In the more general axial problem n0 = n0(z) but in the
present radial model n0 is treated as a constant. i, e and !lh are assumed
to be three parameters. The presence of the hybrid frequency !lh suggest that
the solution of the radial model depends on the magnetization of an equivalent
particle with mass equal to
p
mime rather depending on the magnetization de-
gree of the a single plasma species alone. !lh is then chosen to be the parameter
accounting for the plasma magnetization degree defined by the the propellant
mass and the external magnetic field B. Finally, as will be stated in the follow-
ing paragraphs, w is related to the eigenvalues of the non-dimensional radial
model.
To obtain a deeper insight about the scaling laws of the Plasma Source a
non-dimensional description of both the radial and the axial problem is conve-
nient. One can then express the set of equations (3.1)-(3.4) in non-dimensional
variables defined using KTe for energies, cs for radial velocity, the electron ther-
mal velocity ce =
p
KTe=me = cs
p
mi=me for the azimuthal velocity, the radius
of the Plasma Source R for lengths, the density at the center of the cross section
n0 for the density, and the radial-transit frequency cs=R for the frequencies. The
non-dimensional variables are distinguished by means of a hat symbol. The new
set of non-dimensional equations consists of

1
u^r
  u^r

du^r
dr^
= !^lhu^e + ^iu^r +
^w
u^r
  1
r^
  u^
2
e
r^
(3.6)
u^r
du^e
dr^
= !^lhu^r   ^eu^e   u^ru^e
r^
(3.7)
0 =   d
dr^
(ln n^) +
d^
dr^
  !^lhu^e + u^
2
e
r^
(3.8)
d^
dr^
=  u^r du^r
dr^
  ^iu^r (3.9)
where equation (3.6) is the non-dimensional form of an equation obtained
from the equations (3.1)-(3.3). This last substitution enable us to treat equa-
tion (3.6) and equation (3.7) as an independent set of differential equations in
the variables u^r and u^e which can be numerically integrated without further
simplifications. One can use equation(3.8) to numerically evaluate n^ and equa-
tion (3.9) to numerically evaluate ^ after u^r and u^e had been determined. The
boundaries conditions are simply derived from (3.5)
u^r = u^e = ^ = ln (n^) = 0 (3.10)
on the center of the section (r^ = 0). As in the dimensional Radial Model,
^i, ^e and !^lh are taken to be the free non-dimensional parameters which define
the degree of collisionality of the particles and the degree of magnetization of
the plasma flow.
Now that the radial problem had been conveniently expressed in terms of
non-dimensional quantities, one can obtain simplified results from imposing high
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magnetization and finite collisionality for both species. This regime is called by
Ahedo the Magnetized Regime and is obtained by imposing
!^lh  1; ^i; ^e = O (1) (3.11)
These conditions are quite well matched in the standard operative condition
of a highly magnetized plasma inside a Plasma Source. For example, solving
the MRA one finds out that ^i ' 0:1 (with peak value of ^i ' 2 at inlet
conditions), ^e ' 1:5 (with peak value of ^e ' 20 at inlet conditions) and !^lh '
80. The upper approximations (3.11) are thus appropriate and the results of the
Magnetic Regime in terms of u^r, u^e, n^ and ^ are good approximation of the
“exact” numerical result obtained solving the set of complete non-dimensional
equations.
Unfortunately, from the conditions (3.11) one can not still derive the set of
equations describing the Magnetized Regime, unless other hypothesis are made
about the region of interest of the analysis. Ahedo distinguishes three regions
inside the Plasma Source: the bulk plasma (where the terms corresponding to
electron inertia and electric field can be neglected), the inertial layer (that is
a thin layer where the terms corresponding to the electron inertia can not be
neglected any more) and the plasma sheath (where the electric field of the wall
becomes the leading term in determining plasma dynamics). In the bulk plasma
the plasma dynamic is mainly diffusive and one can simplify the equations (3.6)-
(3.9) obtaining
u^r =
^e
!^lh
u^e (3.12)
!^lhu^e =  d ln n^
dr^
(3.13)
d2n^
dr^2
+
1
r^
dn^
dr^
+ a20n^ = 0 (3.14)
where a0 = !^lh
p
^w=^e. There are only three of the four complete equations
(3.6)-(3.9) because the electric potential can be neglected everywhere from the
hypothesis about the bulk plasma conditions. This time the set of equations
(3.12)-(3.14) can be analytically solved. Equation (3.14) is indeed a Bessel
Equation whose close form solution is
n^ (r^) = J0 (a0r^) (3.15)
where J0 is the zero-th order Bessel Function of the first kind. As we ex-
pected, this solution corresponds to a diffusive motion with decreasing plasma
density approaching the walls of the Plasma Source and maximum plasma den-
sity on the center of the section. On the other hand, equation (3.12) and equa-
tion (3.13) are algebraic equations depending on n^ only. From (3.15) one can
obtain
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u^e =
a0
!^lh
J1 (a0r^)
J0 (a0r^)
(3.16)
u^r =
a0^e
!^2lh
J1 (a0r^)
J0 (a0r^)
(3.17)
where J1 is the first order Bessel Function of the first kind.
Even if equations (3.15)-(3.17) are given analytically, they depends on a0
which on the other hand depends on ^w. To find ^w as an eigenvalue of the
solution of the Magnetized Regime we need to expand the analytical investiga-
tion of the Magnetized Regime to the outer regions of the section: the inertial
layer and the plasma sheath. The passage between bulk plasma and inertial
layer happens when either the inertial terms du^rdr^ or
du^e
dr^ (found respectively in
equations (3.6) and (3.7)) becomes dominant over the other terms of the afore-
mentioned equations. Supposing u^e  1 at the edge of the inertial layer, one
has from equation (3.12) u^r  ^e!^lh and then from equation (3.6) and equation
(3.7) respectively
du^r
dr^
 ^e  1
du^e
dr^
 !^lh  1
The inertial layer is then dominated by the electron dynamics and it is
reasonable to think that the passage from the bulk plasma to the inertial layer
depends on the appearance of a strong electron inertial effect. This is the reason
why the radial model defines the passage from the bulk plasma to the inertial
layer happening at radial coordinate r^ = r^D where u^e = u^eD = 1. Imposing
this last condition is equivalent to say that the electrons reach sonic conditions
at the inlet of the inertial layer. If we further assume the thickness of the inertial
layer d to be sufficiently small in the Magnetized Region
d
R
 1 (3.18)
we can drop the cylindrical, collisional and production terms of equations
(3.6)-(3.7) so obtaining
u^e = !^lh (r^   r^D) + b1 (3.19)
2 ln
u^r!^lh
^e
  u^2r = !^2lh (r^   r^D)2 + 2b1!^lh (r^   r^D) + b2 (3.20)
with b1 and b2 constants of O (1) that assure the gentle matching of the bulk
and inertial regions.
Finally, the passage from the inertial layer to the region of interest of the
plasma sheath happens at r^ = r^S when Bohm condition u^rS = 1 is reached. As
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was said before, this condition is equivalent to impose the passage of ions to sonic
conditions at the edge of the plasma sheath. Imposing the Bohm conditions,
Ahedo [2] finds from equations (3.19) and (3.20) the total thickness d = r^S  r^D
of the inertial layer and the non-dimensional electron azimuthal velocity u^eS
at the inner edge of the plasma sheath
d  le
r
2 ln
!^lh
^e
(3.21)
u^eS '
r
2 ln
!^lh
^e
  0:5 (3.22)
where le is the Larmor radius of the electrons. Assuming u^eS to be the
electron velocity component perpendicular to the local B, from the definition
of the Larmor radius
d
R
=
d
le
 le
R
=
d
le
 meueS
eBR
=
d
le

p
mimecsu^eS
eBR
=
=
d
le
u^eS
!^lh
=
1
!^lh
"r
2 ln
!^lh
^e
 r
2 ln
!^lh
^e
  0:5
!#
The term inside square parenthesis variates with logarithmic law so that, in
the end, one can reasonably confirm the hypothesis (3.18): the thickness of the
inertial layer can be neglected and r^D  1. Imposing u^e (r^D) ' u^e (1) = 1 in
equation (3.16), Ahedo then concludes that a0 is equal to the first zero of J0
(a0 ' 2:405). From this last consideration we can derive ^w from the definition
of a0
^w =
a20^e
!^2lh
(3.23)
It is now possible to solve the non-dimensional problem once the free non-
dimensional parameters ^i, ^e and !^lh are given. These results were not numer-
ically evaluated during the course of the Thesis because the numerical analysis
of the radial model alone is not able to describe the whole behavior of the
Plasma Source. In figure 3.1 the numerical results obtained by Ahedo [2] are
thus proposed. The numerical results confirm that the solution of the Mag-
netized Regime well fit the asymptotic solution of the general set of equations
(3.6)-(3.9) in the high !^lh case.
The value of ^w is of major importance to determine the thermal equilib-
rium conditions of both the section (in the case of the radial model) and the
whole Plasma Source (in the general case of the axial model, as will be seen
in the following subsection). For what concerns the radial model, the thermal
equilibrium is imposed by the balance between the power externally provided
by the RF Antenna to the section and the power flux towards the wall. This
last term in turns depends on the product between the particle flux to the wall
and the energy of the particles reaching the walls. The flux to the wall is equal
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Figure 3.1: Solutions obtained by Ahedo [2] for the radial model of a Plasma
Source. The numerical results (solid lines) are plotted for !^lh = 10 and !^lh = 30
reflecting different magnetization of the plasma flow. The asymptotic solution
correspondin to the limit of the perfectly magnetized regime is plotted as a
dashed line. The x-axis represents the non dimensional radius of the cross
section. Figure from [2].
to the flux at the outer edge of the plasma bulk because the total thickness of
both the inertial layer and the plasma sheath is so thin compared to the radius
of the Plasma Source that almost no particle production happens outside the
bulk plasma. Then
(2r^n^u^r)W = (2r^n^u^r)D = 2r^Dn^ (r^D) u^r (r^D) ' 2^w
J1 (a0)
a0
and at the same time
(2r^n^u^r)W = (2r^n^u^r)S ' 2n^S
so that one finally obtains
.
n^S = a0
J1 (a0) ^e
!^2lh
(3.24)
Moreover, the specific power flux to the wall per particle density is the same
as the specific power flux at the sheath edge
ES =
1
2
KTe +
1
2
KTe ln

mi
2me

+ 2KTe +
1
2
meu
2
eS (3.25)
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where the first term is the kinetic energy of ions at the edge of the plasma
sheath, the second term is the energy exchanged between ions and electrons
inside the zero-current sheath, the third term is the inertial kinetic energy of
electrons and the forth term is the azimuthal kinetic energy of electrons. The
total power flux to the wall is then 2nsES and depends only on Te once ^w is
fixed. Imposing the balance between total power flux to the walls and external
energy provided by the RF Antenna to the plasma section then one can obtain
the equilibrium Te. This approach will be revised in the axial model bellow
counting for axial fluxes into the Plasma Source.
3.1.2 The non-dimensional Axial Equations
The axial model is approached thanks to a variable-separation technique and
was firstly approached by Ahedo [3] as a development of the purely radial model
of the Plasma Source [2]. Firstly, it is needed to rewrite the equations (2.12)-
(2.19) to fit with the present axial model where axial gradients of the plasma
quantities are not negligible.
r  (n~ui) = r  (n ~ue) =  r  (nnun) =  nion (3.26)
mi~uir~ui =  er me (~ui   ~ue) ei  mi (~ui   un) (ion + in) (3.27)
0 = er  eBu#eir   1
n
rpe +me (~ui   ~ue) ei  me (~ue   un) (ion + en) +meu
2
e
r
ir
(3.28)
meur
du#e
dr
= eBure  meu#eei  meu#e (ion + en) meurue
r
(3.29)
un = uniz where un = const: (3.30)
Te = const: (3.31)
1
n
rpe = KTer lnn (3.32)
While in the radial model the continuity equation takes into account the
production frequency as a whole contribution of ionization and axial diffusivity,
in the axial model the source term of the continuity equation takes into account
only the ionization term because the axial diffusivity is here included on the
divergence term on the left side of the continuity equation. The equivalent
collision frequencies are thus defined as
i (r; z) = in + ion +
me
mi
ei (3.33)
e (r; z) = en + ion + ei (3.34)
Equation (3.31) assumes that the plasma inside the Plasma Source is ther-
malised at constant and uniform temperature. As was said in the radial model,
the equilibrium temperature can be found imposing the power balance between
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the total power flux leaving the Plasma Source and the power generated by the
RF Antenna. The power equation will be later derived in this same subsec-
tion and it is strongly coupled to the solution of the momentum and continuity
equations (3.26)-(3.29) by means of the particle density and velocities at the
boundaries of the Plasma Source. Moreover, the frequencies are analytically
expressed by means of collisional rates depending on Te. The collisional rates
are defined in the present Thesis by means of analytical and semi-empirical
expression fitted for Argon propellant [46, 3]
ion = nnRion (Te) = nn exp
"
 Eion   17:7
(KTe)
0:91
#
 10 6 (3.35)
ei = nRei (Te; n) = n

KTe
1 eV
 3=2
ln (Te; n)
10
 9:2  10 13 (3.36)
in = nnRin (Te; un) = nnRins (Te) c^in (1  a1 log c^in)2 (3.37)
en = nnRen (Te) = nn
r
8KTe
me
en (3.38)
where c^in = jui unj=cs ' ui=cs, Rins ' cs (10:5  1:67 log cs)2  10 20 while
a1 = 10:5  (1:67  10:5 log cs) 1 only weakly depends on the electron tempera-
ture. Moreover for Argon propellant the electron-neutral cross-section is conve-
niently set en = 15  10 20m2[3], the first ionization energy is Eion = 15:78 eV
and finally the Colombian Logarithm [47]
ln (Te; n) = 23  0:5  ln
 
n
(Te)
3=2
K
!
where (Te)K is the electron temperature in Kelvin. The temperature depen-
dence of the upper defined collisional rates is plotted on figure 3.2 from which
it can be easily seen a well defined magnitude difference between the collisional
rates in the typical temperature range of the present analysis. The ions-neutrals
collisional rate Rins is particularly low with respect to the other collisional rates
implying that ions-neutrals collisions have a marginal role in the whole plasma
dynamics. Moreover, Ren  Rion so that eq. (3.34) can the be further simplified
e (r; z) = nn (Rion +Ren) + nRie ' nnRen + nRei
Assuming that un=uz  1 and memi  1, substituting equation (3.32) into
equation (3.28) and using the definitions (3.33) and (3.34), the set of equations
(3.26)-(3.29) can be further simplified as
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Figure 3.2: Collisional Rates for the MRA in the range of equilibrium electron
temperature of interest. The values of Rins are not plotted in figure because
collisions between ions and neutrals are neglected in the axial model [3].
r  (n~ui) = r  (n ~ue) =  r  (nnun) =  nion (3.39)
mi~uir~ui =  er mi (i~ui + inun) (3.40)
0 = er  eBu#eir  KTer lnn+me ( e~ue + ei~ui) +meu
2
e
r
ir (3.41)
meur
du#e
dr
= eBure  meu#ee  meurue
r
(3.42)
It is now possible to use the previous set of equations to describe the plasma
axial dynamics alone. For this purpose, a mean particle density is defined for
every axial coordinate from the integration of the particle density (3.15) found
in the radial model
nz = nz (z) =
2
R2
 R
0
rn (r; z) dr ' nz0
2:3
where n0z = n0z (z) = n (0; z). If it is further assumed ambipolar lon-
gitudinal dynamics of the charged species, purely axial dependence of all the
frequencies, negligible axial resistivity of the electrons and purely axial depen-
dence of both the neutral density nn = nn (z) and axial velocity uz = uz (z),
equations (3.39)-(3.42) become
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ddz
(nzuz) =  un dnn
dz
= nz (ion   w)
1
n
d
dz
 
nzu
2
z

=   e
mi
d
dz
  (in + w)uz + ionun
0 =
d
dz
(e KTe lnnz)
The value of w was derived in the radial model
w =
a20^e
!^2lh
' 5:82^e
where  = le=R = cs=(R!lh) can be used as non-dimensional parameter eval-
uating the magnetization degree instead of !^lh. Manipulating the previous
equations, one can finally obtain a dimensional set of equation describing the
axial plasma dynamics
nnun + nzuz = g0 (3.43) 
c2s   u2z
 duz
dz
=

(ion + in)u
2
z + (ion   w) c2s

(3.44) 
c2s   u2z
 dnz
dz
=  uznz (2ion + in   w) (3.45)
0 =
d
dz
(e KTe lnnz) (3.46)
where g0 = _m=(R2mi) is the total particle flux. The boundary conditions for
the equations (3.44) and (3.45) are given to obtain the plasma sonic condition
and propellant utilization; both of these parameters strongly depends on Te.
The equations (3.43)-(3.45) arrange a close set of equations in the variables nz,
nn and uz once Te is fixed. From equation (3.46) one is thus able to derive
the electric field once nz is found. The upper equations strongly depends on
the equilibrium electron temperature Te through the acoustic speed cs and the
collisional rates defining the collisional frequencies. Equations (3.43)-(3.45) have
then to be coupled with a further power equilibrium equation to get a really
close set of equations in the variables nz, nn, uz and Te. The power equilibrium
equation will be later derived on subsection 3.1.3, while it is now interesting
to study the general solution of equations (3.43)-(3.45) once Te is fixed. The
general solution is more conveniently expressed in non-dimensional variables
defined using the parameters
u^z =
uz
cs
; u^e =
ue
ce
; n^ =
n
n0
; n^n =
nn
nn0
; z^ =
z
0
; ^j =
j
0
(3.47)
where cs and ce are the acoustic speed and the electron thermal velocity,
n0 = g0=cs, nno = g0=un, 0 = Rionnn0 is a reference ionization frequency and
73
0 = cs=0 is a reference ionization mean-free-path. Thanks to these parameters,
one can find a set of non-dimensional equations equivalent to the set of equations
(3.43)-(3.45). The set is regularized thank to the introduction of the auxiliary
variable  defined so that
dz^
d
= 1  u^2z (3.48)
We conveniently define 

z^ = L^

= 1 where L is the length of the Plasma
Source. The set of equations (3.43)-(3.45) then becomes
du^z
d
= n^n
 
1 + u^z
2
  ^w (3.49)
dn^
d
=   (2n^n   ^w) u^zn^z (3.50)
n^n = 1  u^zn^z (3.51)
The non-dimensional production frequency ^w is
^w = ann^n + ain^z
where ai and an are non dimensional parameters defined as
an = a
2
0
2 Ren
Rion
(3.52)
ai = a
2
0
2 Rei
Rion
un
cs
(3.53)
The non-dimensional axial equations (3.48)-(3.51) can then be solved im-
posing boundary conditions at the throat (E-subscript) u^zE = 1 and n^zE =
_mE= _m = u where _mE is the total mass flow rate at the throat and u is the
propellant utilization of the Plasma Source. The solution is axially integrated
until u^zA =  1 at the back plate of the Plasma Source because of Bohm condi-
tion at the inner edge of the plasma sheath (A-subscript), solving the problem
as a function of the auxiliary variable : To solve the problem as a function of
the standard non-dimensional axial variable z^ one has to solve the differential
eq. (3.48). The Bohm condition u^zA (A) =  1 let us numerically evaluate A,
so that the boundary condition of equation (3.48) is simply z^ (A) = 0.
The values of ai and an are defined once the collisional rates, Te, !lh and un
are fixed, where the collisional rates strongly depends on electron equilibrium
temperature inside the isothermal Plasma Source. For given !lh and un the pro-
pellant utilization u then depends on Te thanks to a numerical quadrature from
the set of non-dimensional axial equations (3.48)-(3.51). The numerical quadra-
ture is plotted in figure 3.3. One can expect almost unity propellant utilization
at large equilibrium electron temperature. Moreover, the numerical quadrature
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Figure 3.3: The propellant utilization u as a function of the equilibrium electron
temperature Te for the Modified Reference Architecture with different magnetic
field density inside the Plasma Source.
can be expressed as a function of the non-dimensional length of Plasma Source
L^ = L^ (Te) once !lh and un are fixed. For increasing Te, the non-dimensional
length of the Plasma Source increases because the reference mean free pass de-
creases with increasing acoustic speed. The length of the Plasma Source then
diverges when u approaches unity, as one can see in figure 3.4. This divergence
is the major source of numerical problems in solving the non-dimensional axial
equations (3.48)-(3.51) because even the slighter numerical error in determining
the numerical law u = u (Te) would largely variate the electron equilibrium
temperature coherent with the non-dimensional axial equations (3.48)-(3.51).
The solution of the MRA is shown in figure 3.5 as functions of non-dimensional
variables. The general shape of the solution fits with the expected results.
The axial velocity increases monotonically generating thrust, while the neutrals
density monotonically decreases from progressive propellant ionization. The
non-dimensional production frequency ^w is able to take into account wall re-
combination and its value is indeed much larger near the back plate where the
maximum axial recombination is expected, while it is almost constant in the
region of the Plasma Source approaching the throat. The wall recombination
increases the neutrals density beyond the expected n^n = 1 which would corre-
spond to the neutral density of the propellant at injection. At the same time,
the charged particles density peaks near the back plate so generating density
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Figure 3.4: Plot of the numerical law L^ = L^ (u) as a function of the magnetic
field density inside the Plasma Source.
gradients which causes particles fluxes towards both the back plate and the exit
of the Plasma Source.
It will be theoretically possible to obtain similar solutions from the MRA by
simply increasing or decreasing the axial magnetic field density. Nevertheless,
from the results obtained in Chapter 2, increasing (decreasing) the axial mag-
netic field density leads to a better (worse) radial confinement of plasma with
decreasing (increasing) wall losses and a reasonable increase (decrease) of the
electron equilibrium temperature [3] (this behavior is confirmed to be appropri-
ate later in this same subsection). Plotting solutions of the same configuration
at different magnetic field density then requires coupling the non-dimensional
axial equations with a power balance equation between the power incoming from
the RF Antenna and the power fluxes at the boundaries of the plasma inside
the Plasma Source.
3.1.3 The power balance
To obtain the power balance equation one has firstly to evaluate the power
equation for every charged species. The general form of the power equation for
a species “s” in a stationary quasi-neutral plasma is given by
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Figure 3.5: Solution of the non-dimensional Axial Model for the Modified Ref-
erence Architecture.
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r 

nms
u2s
2
+
5
2
ps

us

+r  qe = qn

E+
Rs
qn

us + _Plosss +
_PRFs
(3.54)
that is a typical power equation [48] where the viscous heating of the species
was neglected and a power source term _PRFs was added to taking into account
the local specific power provided by the RF Antenna to the s-th species. The
terms on the left side of equation (3.54) represent the total power flux of the
species including the work done by directional energy and pressure forces to-
gether with the conductive thermal flux r  qe. The terms on the right side
of the same equation respectively represent the energy associated to momen-
tum transfer between species (Rsrepresent the exchange in momentum due to
the collisions) and power losses associated to elastic and inelastic collisions (as
for ionization collisions). The general equation (3.54) is specified for both the
electrons and the ions respectively
r 

nme
u2e
2
+
5
2
nKTe

~ue

+r  qe = enr~ue   nionE0ion + _PRF (3.55)
r 

nmi
~u2i
2
~ui

+r  qe =  enr~ui +Ri  ~ui   nionmi ~u
2
i
2
(3.56)
The power provided by the RF Antenna is explicated only into equation
(3.55) because the Helicon Waves are thought to mainly excite electrons instead
of ions [14]. In equation (3.55) E0ion = Eioni (Te) is the effective ionization
energy and i (Te) is the ionization cost factor accounting for the larger possi-
bility of higher energy collision at high electron temperature, with consequent
relaxation of the mean energy needed to ionize a single neutral particle. Ahedo
[3] defined the ionization cost factor for Argon as
i ' 1:4 + 0:4 exp

0:7
Eion
KTe

which can be conveniently supposed constant (i ' 2) for the typical range
of electron temperature of the present analysis.
Adding equations (3.55) and (3.56), assuming current ambipolarity, neglect-
ing the ion power losses (Ri ~ui nionmi ~u
2
i
2 ) with respect to the power provided
locally by the RF Antenna and assuming a uniform effective ionization energy,
one can obtain a total power equation
r 

mi
~u2i
2
+me
u2e
2
+
5
2
KTe

n~ui + qe + E
0
ionn~ui

= _PRF (3.57)
which is similar to the equation (3.25) already described in the case of the
radial model. The upper equation can be integrated over the plasma domain.
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Exploiting the divergence theorem one can calculate the flux of the divergence
argument over the surface enclosing the plasma domain. It is convenient to split
the surface into sub-surfaces: the rear surface (A-subscript, corresponding to the
boundary between the plasma domain and the sheath of the back plate), the
exit surface (E-subscript, corresponding to the section at the exit of the Plasma
Source) and the wall surface (W-subscript, corresponding to the boundary be-
tween the plasma domain and the sheath of the lateral wall). The fluxes of the
first two terms

mi
~u2i
2 +me
u2e
2 +
5
2KTe

n~ui and qe are evaluated for any of
the three sub-surfaces (with proper approximations depending on the particu-
lar sub-surface), while the flux of the third term of the divergence argument is
integrated over the whole boundary surface of the plasma domain. Defining PA,
PE , PW and Pion as the power fluxes to respectively the rear surface, the exit
surface, the wall surface and the ionization power, the power balance equation
is simply
PRF =

V
_PRF dV = PE + PA + PW + Pion = Ptot (3.58)
In the general case Ptot depends on Te, ^e, !^lh and nz. It is always possible
to numerically couple equation (3.58) to the non-dimensional axial equations
(3.48)-(3.51) so determining the solution of the selected Plasma Source in terms
of uz, nz, nn and Te. Nevertheless, in the Magnetized Regime two main cases
can be taken into consideration depending on the relative weight of the different
contribution on the total power flux balance: the ideal case where the power
flux to the wall surface is negligible with respect to the total power provided by
the RF Antenna and the non-ideal case where the power flux to the wall surface
is comparable to (if not larger than) the other terms in equation (3.58). The
two cases are separately analyzed in the following paragraphs.
3.1.3.1 The Ideal Case
In the case of the power fluxes to both the rear and exit surfaces PA=E, the
integral of the me
u2e
2 term can be neglected because the radial model derives a
negligible value of ue over the whole axial section of the plasma domain (ue
becomes non-negligible only in the inertial layer that was demonstrated to be
too narrow to be of any influence into the surface integral over both the rear and
the exit surfaces). Moreover, on both the rear and the exit sub-surfaces the ions
are in sonic conditions u2i = c2s = KTe=mi with vector velocity oriented as the
normal to the sub-surface. Finally, the conductive power flux can be neglected.
Thanks to this approximations
PA=E =

A=E
3KTenA=E~uiA=EdSA=E = 3KTe A=E (3.59)
where  A=E =

A=E
n~uiA=EdSA=E is the particle flux towards the sub-surfaces.
Assuming with reasonable confidence that R ' rS (where rS is the radius of
the inner edge of the plasma sheath) then  A=E = R2nzA=Ecs. Remembering
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the results plotted in figure 3.5, in the case of the present analysis nzA ' nzE ,
causing PA ' PE . This particular result can be confirmed to be appropri-
ate even with different geometrical and physical configurations because the ap-
proximation nzA ' nzE is more than appropriate [3]. The equality between
the useful power exhausting from the thruster PE and the power flux wasted
towards the rear wall PA upper limits the maximum power efficiency of the
Plasma Source to S = 50% in the ideal case of no wall or ionization losses. At-
testing in first approximation the power efficiency of a well designed Magnetic
Nozzle to be N  80%, the maximum total power efficiency of the Helicon
Thruster is HT  40% in the ideal case, corresponding to medium perfor-
mance electric thrusters. If ionization losses are took into consideration (as in
the perfect radial shielding case) one third of the total power provided by the
RF Antenna is wasted in ionization processes in the typical temperature range
of Helicon Thrusters (as will be demonstrated by the power analysis bellow), so
that S ' 30% and HT  25%. The presence of power losses due to imper-
fect radial shielding further decreases the total power efficiency of the Helicon
Thrusters to an unacceptable level. The equality PA ' PE is nevertheless the
major responsible of the low performance of an Helicon Thruster. To decrease
the power flux to the rear surface the Magnetic Shield was added in the Ref-
erence Architecture; the solutions of a axially shielded Plasma Source will be
derived and discussed in Chapter 4.
To evaluate the power efficiency of a real Helicon Thruster, power losses to
the wall sub-surface and in ionization have to be taken into consideration. In
the present analysis of the ideal case only power losses due to ionization are
evaluated. The ionization power expense Pion is easily integrated thanks to
uniformity of the argument E0ion on the whole boundary surface STOT of the
plasma domain
Pion =

STOT
E0ionn~uidStot = E
0
ion ( A +  E +  W ) (3.60)
where  W is the particle flux to the wall surface. In the ideal case  W = 0.
Decreasing the plasma flux to the wall surface is thus advantageous for both
directly decreasing the power wall losses and indirectly decreasing the ionization
losses. It is now possible to derive the power balance of the Plasma Source from
equation (3.58). In the ideal case the high equilibrium electron temperature
leads to an almost complete the propellant utilization u  1 (corresponding to
sufficiently high temperature as one can evince from figure 3.3) which implies
 A '  E ' ( _m=mi). Equation (3.58) becomes
PRF ' PE + PA + Pion ' 2 (3KTe + E0ion)
_m
mi
(3.61)
which is only function of Te. Imposing the external power provided by the
RF Antenna, equation (3.61) can be used to evaluate the equilibrium electron
temperature
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(KTe)ideal '
1
3

mi
PRF
2 _m
  E0ion

eV (3.62)
The power efficiency of the Plasma Source can be estimated as the ratio
between the power flux exhausting from the exit surface and the total power
provided by the RF Antenna
S;ideal =

PE
PRF

ideal
' 3KTe
2 (3KTe + E0ion)
(3.63)
The dependence of S;ideal on the equilibrium electron temperature is shown
in figure 3.6 and it is independent from the geometry and physical properties
of the Plasma Source. We see that it is possible to reach higher ideal power
efficiency of the Plasma Source by increasing Te; S;ideal asymptotically tends
to 50% in the limit of infinite equilibrium electron temperature. Values of S;ideal
up to 45% are reached corresponding to an equilibrium temperature of about
40eV.
The MRA was chosen to achieve high performance in the ideal case. The
wall losses are indeed sufficiently low thanks to the high axial magnetization
(!^lh ' 80). Using equation (3.62) and assuming i ' 2, it is possible to
approximately estimate the equilibrium electron temperature
(KTe)ideal ' 24 eV
which is extremely comparable to the exact value numerically evaluated for
the MRA. The ideal power efficiency of the Plasma Source is then S;ideal  35%
as was previously anticipated. As a conclusion, S;ideal of the MRA is too low to
make it a feasible alternative to other concepts of electric thrusters. It is possible
to increase the ideal power efficiency of the Plasma Source by either scaling the
MRA or adding a MS-loop to the back plate. In the first case the only way
to increase S;ideal is by means of increasing KTe which, by the other hand,
can be done only increasing the ratio of PRF= _m; this is the approach assumed
into subsection 3.2.3. In the second case S;ideal is increased by decreasing the
particle flux to the rear surface  A which directly decreases PA and indirectly
decreases Pion; this is the approach assumed into Chapter 4.
3.1.3.2 The non-ideal case
In the non-ideal case of low magnetization (!^lh  30) the radial confinement
of plasma flow in the MRA reduces to the point where the power losses to the
wall surface become comparable to the other power fluxes of eq. (3.58). In this
case one can not a priori impose u  1 because the low expected Te would
probably lead to low values of propellant utilization (as it is shown in figure
3.3). Nevertheless,  A '  E is an appropriate hypothesis even in the non-ideal
case as one can see from the solutions proposed by Ahedo [3].
It is possible to evaluate the total power flux to the wall surface PW using
the same approach as in the case of E/A sub-surfaces. This time the integral of
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Figure 3.6: The power efficiency of the Plasma Source as a function of the
equilibrium electron temperature in the ideal case of neglettable power losses to
the wall surfaces.
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the me
u2e
2 term is non-negligible because at the wall surface equation (3:22) is
verified on the whole sub-surface. At the same time, the conductive power flux
can be expressed by means of energy losses due to ion acceleration inside the
plasma sheath (the relative exchange of energy is 12KTe ln

mi
2me

[2]). Finally,
the ions have radial sonic velocity directed in the same orientation as the normal
to the wall and an axial kinetic power mi
~u2iz
2 =
KTe
2 u^z which can be neglected
with respect of the other power terms. The total power flux to the wall is thus
PW =
 L
0
2R

mi
~u2iz
2
+me
u2eS
2
+
5
2
KTe +KTe ln

mi
2me

nS ~uiSdz
' KTe

5
2
+ ln

mi
2me

 W +
 L
0
2R
 r
2 ln
!^lh
^e
  0:5
!2
nS ~uiSdz
(3.64)
where  W =
 L
0
2Rns~uiSdz and nS is derived from equation (3.24)
nS = a0
J1 (a0) ^e (z)
!^2lh
nz (z) (3.65)
From the power balance general equation (3.58) on can then derive
PRF ' KTe

6
_m
mi
u +

5
2
+ ln

mi
2me

 W

+ E0ion

2
_m
mi
u +  W

+
+
 L
0
2R
 r
2 ln
!^lh
^e
  0:5
!2
nS ~uiSdz (3.66)
While the equation (3.61) depends only on Te, equation (3.66) depends on
Te, ^e, !^lh and nz. Moreover, u is a numerically implicit function of Te depend-
ing on the solution of the non-dimensional axial problem which, on the other
hand, can not be solved until u is defined. In the non-ideal case it is thus not
possible to derive an explicit value of theKTe as was done in equation (3.62) and
the equilibrium temperature has to be numerically determined. To determine
the numerical solutions, the free parameters R (radius of the Plasma Source),
L (length of the Plasma Source), B (magnetic field density), _m (mass flow
rate), un (neutral velocity) and PRF are given. The numerical code employed
in the numerical solution (PS_SOLVE) consists in three sub-routines. The first
sub-routine determines the quadrature of u = u (Te) in a reasonable range
of temperature. The second sub-routine numerically solve the non-dimensional
axial model for a reasonably high number of equilibrium temperatures and de-
termines the values of PRF at which the equilibrium temperatures are verified.
The third sub-routine verify that the equilibrium temperature corresponding
to the imposed PRF is in the range of the numerical analysis (otherwise the
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Figure 3.7: The non-dimensional axial velocity as a function of z^
first and second sub-routines are repeated for a range of higher electron tem-
peratures), then it determines the equilibrium temperature corresponding to
the imposed PRF and finally numerically solve the non-dimensional axial model
with the equilibrium temperature previously found.
In figures 3.7-3.10 solutions of the MRA are plotted for several magnetic field
densities B. The non-dimensional length of the Plasma Source L^ decreases with
decreasing B because of the decrease of equilibrium Te, otherwise the solutions
for u^z and n^n only weakly depend on the value of the magnetic field density.
On the other hand, the solutions for both n^z and ^w increases with decreasing
B: the worse the radial shield is, the larger is the particle production frequency
and, as a consequence, the larger the particle density is. In figure 3.11 the
profile of the solution of the specific dimensional particle flux to the wall surface
_ W = csns is given as a function of the non-dimensional axial coordinate. As
one can indeed expect, _ W is correctly shielded with high values of !^lh (high B)
while the decreasing magnetic field density is able to increase _ W up to three
orders of magnitude.
In figures 3.12-3.14 equilibrium Te, u and S are plotted as functions of the
total power provided by the RF Antenna; several magnetic configurations are
given depending on the value of the axial magnetic field density B. For large B
configurations, the equilibrium electron temperature increases almost linearly
with increasing PRF as one expects from the ideal case of equation (3.62). The
linear behavior is quite well fitting even at low magnetic field density even
though the value of the equilibrium electron temperature is halved from the
one assumed at large B at the same PRF . The power efficiency of the Plasma
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Figure 3.8: The non-dimensional particle density as a function of z^
Figure 3.9: The non-dimensional neutral density as a function of z^
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Figure 3.10: The non-dimensional frequency of particle production as a function
of z^
Figure 3.11: The dimensional particle flux to the wall surface as a function of z^
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Figure 3.12: The equilibrium electron temperature as a function of the input
RF power
Source S then increases with increasing PRF following a general shape way
similar to the one already found in figure 3.6 in the ideal case. Again, there
is a large degradation of the power efficiency as B decreases because of the
increase of power losses to the wall surface. At the same time increasing B
over the reference value causes only a slight improvement of S because in a
highly magnetized flow the already low wall losses can not be further decreased
significantly.
3.2 Scaling of the Plasma Source
The critical importance of high axial magnetic field density is now numerically
confirmed. Unfortunately, the magnetic budget required to obtain large power
efficiency for the MRA is quite large [3] and the respective Helicon Thruster is
unattractive from the point of view of on-board mass and power management. It
is anyway possible to scale the parameters which characterize the MRA to obtain
S comparable to the one of the high magnetization but with lower magnetic
budget. The aim of the present sub-section is indeed to explore this possibility.
First of all, the non-dimensional free parameters describing the non-dimensional
axial equations are found. The relative scaling laws are then derived in the case
of constant temperature and constant power efficiency. The analysis is further
completed with scaling analysis enhancing both variation of S with scaling B
and variation of S with scaling Te.
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Figure 3.13: The propellant utilization as a function of the input RF power
Figure 3.14: The power efficiency of the Plasma Source as a function of the
input RF power. The dashed line correspond to the power efficiency of the
Plasma Source at constant Te.
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3.2.1 Non-Dimensional scaling laws
The axial model presented in the previous section was conveniently described
by means of non-dimensional variables u^z, n^z and n^n. The non-dimensional
solution of the problem does not change if the free parameters of the problem
are conveniently took to keep constant the non-dimensional parameters of equa-
tions (3.48)-(3.51) with respect of the ones of the MRA. The non-dimensional
parameters which determine the non-dimensional solution of equations (3.48)-
(3.51) are ai, an and the boundary condition u. Remembering that for a fixed
non-dimensional solution one can fix u = u

L^

(as can be seen in figure 3.4),
for the purposes of the present analysis it is convenient to substitute L^ to u as
non-dimensional parameter describing the non-dimensional solution. The ratio
of the value assumed by a j-th parameter and the value the same parameter
assumed in the MRA is here called scaling factor &j . The present subsection
derives the ratio between the general condition and the reference one for any
one of ai, an and L^ . The scaling laws between the scaling factors are then
derived and analyzed.
From the definition of z^ in equation (3.47) one can derive
L^ =
LRion (Te) _m
csunR2mi
=
=
Rion (Te) _mR
2
unmi
p
Eion (R2L)

L
R
2r
miEion
KTe
=
=
_mR2
un (R2L)
A^R
2Rion

T^e

T^
 1=2
e
p
miEion
=
=
_mR2
un (R2L)
A^R
2
FLT

T^e

(3.67)
where the R2 term depend on the cross section of the Plasma Source, the
R2L term depend on the total volume of the Plasma Source, A^R = L=R is the
aspect ratio of the Plasma Source, T^e = KTeEion is the non-dimensional electron
temperature and
FLT

T^e

=
Rion

T^e

T^
 1=2
e
p
miEion
is a convenient function of the non-dimensional electron temperature only.
From the definition of Rion in equation (3.35)
FLT

T^e

'
exp

 Eion   1:44T^ 0:91e

T^
 1=2
e
p
miEion
If during the scaling process L^ is kept constant and equal to the value L^Ref
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assumed in the MRA, from eq. (3.67) one can derive the first scaling law
L^
L^Ref
=
&M &
2
R
&U &V
&2AR&FLT = 1 (3.68)
where &j are the non-dimensional scaling factors
&M =
_m
_mRef
; &R =
R
RRef
; &U =
un
un;Ref
; &V =
R2L
R2RefLRef
; &AR =
LRref
RLref
&FLT = exp
264 1:44  1  &0:91T 
&T T^e;Ref
0:91
375 & 1=2T ; &T = T^e
T^e;Ref
=
Te
Te;Ref
The scaling factors &R, &V , &AR and &L = LLref are linearly dependent, so
that two others scaling laws are introduced
&V = &
2
R&L (3.69)
&AR =
&L
&R
(3.70)
Other scaling laws are found from the definition of an in equation (3.52) and
ai in equation (3.53)
an = a
2
0
2 Ren (Te)
Rion (Te)
= a20
2FANT

T^e

ai = a
2
0
2 Rei (Te)
Rion (Te)
un
cS
= a20
2unFAIT

T^e

where FANT and FAIT are functions approximately depending only on Te
FANT

T^e

=
q
8T^eEion
me
en
exp

 Eion   1:44T^ 0:91e

FAIT

T^e

' (ln)Ref  9:2  10
 14
exp

 Eion   1:44T^ 0:91e

T^eEion
2
Again, it possible to obtain two other scaling laws by evaluating the ratio
between the general values of ai and an and the values they assume in the MRA
ai;Ref and an;Ref
an
an;Ref
= &2 &FANT = 1 (3.71)
ai
ai;Ref
= &2 &U &FAIT = 1 (3.72)
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where &j are the non-dimensional scaling factors
& =

Ref
; &FANT = &
 1
FLT ; &FAIT = &
 1
FLT &
5=2
T
From equations (3.71) and (3.72) one can derive
&U =
&FANT
&FAIT
= &
 5=2
T (3.73)
The strong dependence of the equilibrium electron temperature into the ve-
locity of the neutral is not admissible from an engineering point of view. For ex-
ample, imposing a temperature scaling factor &T = 2 we obtain &U ' 0:18 which
in most cases is not a feasible design possibility because of the neutral sonic
condition usually found at injection. For example, in the MRA un = 310m/s
which is a good approximation of Argon acoustic speed (319m/s at standard
conditions); decreasing (increasing) the injection velocity is only possible by de-
creasing (increasing) the acoustic speed of neutrals by decreasing (increasing)
their temperature at injection Tn. Supposing the injected propellant to behave
like a perfect gas , the acoustic speed of the neutral scales as un  T 1=2n , so
that the scaling factor of neutral temperature scales as &TN = &2U = &
 5
T . In
the case of &T = 2 the neutral temperature should decrease by a scaling factor
&TN ' 0:03 which is not a possible practical solution. This problem in scaling
ai prevents the possibility of a simple and straight scaling methodology of Te.
Both the present and following subsection then faces the problem of scaling the
Plasma Source at constant temperature, that is &T = 1. The problem of scal-
ing temperature will be faced into subsection 3.2.4 thanks to a different scaling
methodology.
The constant Te scaling methodology prevents the use of the ideal power
balance equation (3.61) to derive a non-dimensional power balance equation;
the equation (3.66) is employed instead. Firstly, the equation (3.66) has to be
simplified by means of a more manageable expression for the power flux to the
wall surface [3]
PW '  WTeK

ln
!^lh
^e
+
5
2
+
1
2
ln

mi
2me

(3.74)
where  W ln !^lh^e '
 L
0
q
2 ln !^lh^e   0:5
2
nS ~uiSdz: In the case of high S
(that is in the case of high propellant utilization u ' 1) [3]
 W =
_m
mi
 L^
0
^wn^zdz^ ' a20
_m
mi
2
Le
cs
=
= a20
_m
mi
2
L0^e
cs
= a20
_m
mi
2L^^e
where e =
 L
0
edz. The equation (3.74) finally simplifies into
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PW ' a202L^
_m
mi
TeK

ln
!^lh
^e
+
5
2
+
1
2
ln

mi
2me

The power balance equation (3.66) can be simplified into
PRF ' _m
mi
KTe

6 +

ln
!^lh
^e
+
5
2
+ ln

mi
2me

a20
2L^

+
_m
mi
KTe
E0ion
KTe

2 + a20
2L^

Restricting the scaling analysis to high S , one can be further assume for
the range of magnetization of interest
ln
!^lh
^e
' 3:9 5:9  5
thanks to the logarithmic dependence on the non-dimensional parameter of
magnetization !^lh; this approximation is confirmed by the numerical analysis
as shown in figure 3.15. Finally, assuming E0ion ' 2Eion like in the previous
section , the non-dimensional power balance equation becomes
1
s
'

2 +
1
3
c1a
2
0
2L^

+
2
3T^e

2 + a20
2L^

(3.75)
where c1 =
h
ln !^lh^e +
5
2 + ln

mi
2me
i
' 12:6 and s is the power efficiency
of the Plasma Source in the high performance case
s =
3 _mKTe
miPRF
(3.76)
The equation (3.75) is the last scaling equation we were looking for. As was
said previously regarding the scaling of the non-dimensional axial equations,
L^ is kept constant over the scaling problem, so T^e and  are the only non-
dimensional parameters determining S in the case of high performance. This
result was expected from both the expression of the ideal power efficiency S
defined in equation (3.63) (where S only depends on the equilibrium electron
temperature) and the numerical results plotted in figure 3.14 (where the value
of the magnetic flied density B influences the power efficiency of the Plasma
Source once fixed the equilibrium electron temperature). By considering the
ratio at constant temperature between S obtained by the scaling procedure
and the one from the MRA, one obtains the power efficiency scaling factor
&S =
24 2

2 + 3T^e;Ref

+

T^e;Refc1 + 2

a20
2L^
2

2 + 3T^e;Ref

+

T^e;Refc1 + 2

a20
2
Ref L^Ref
35 1 '  0:987 + c2&2  1
(3.77)
where was employed the relation (3.68) L^=L^Ref = 1, while
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Figure 3.15: Variation of the term ln !^lh^e as a function of the variation of the
applied magnetic field density.
c2 =
2Ref L^Ref

T^e;Refc1 + 2

a20h
2

2 + 3T^e;Ref

+

T^e;Refc1 + 2

a20
2
Ref L^Ref
i ' 0:013
was instead evaluated from numerical analysis. Finally, from equation (3.76)
& =
s
1  0:987  &s
c2&s
(3.78)
Both equation (3.77) and equation (3.78) are indeed able to describe the
dependence of the magnetic field density inside the scaling of the power effi-
ciency at constant temperature. In fact, if the magnetic field density decreases,
& increases and finally &s decreases. As one can see in figure 3.16, & is pro-
portional to & 1B so that the decrease in the power efficiency is not linear but
depends on a term quadratic on the magnetic field density scaling factor. This
is an expected result from figure 3.14 where one can see how the performance
dramatically collapses as B decreases at constant temperature (scaling on con-
stant Te follows the dotted line in figure 3.14). On the other hand, eq. (3.78)
shows the difficulty in increasing the power efficiency of the Plasma Source by
simply scaling B at constant temperature if the reference configuration is al-
ready highly magnetized. This last tendency can be easily seen in figure 3.14
too, where S only slightly increases from doubling the magnetic field density
of the MRA.
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Figure 3.16: The power efficiency scaling factor as a function of &B at constant
Te
Unfortunately, even if the power balance scaling law (3.78) is able to grasp
the general behavior of scaling , the exact values of &s calculated by means of
equation (3.77) do not fit the exact numerical values in an appropriate way as
 decreases. For example, scaling the magnetic field density from B = 100 mT
to B = 60 mT at constant R, &B = 0:6 and &R = 1 so that & = 1:7 and using
equation (3.77) we derive &s = 0:978. In the MRA S;Ref ' 0:347, then the
scaled power efficiency is S ' 0:34 which is a good approximation of the exact
value calculated numerically (numerically S;Num ' 0:334). On the other hand,
scaling the magnetic field density from B = 100mT to B = 25mT with constant
R, &B = 0:25 and &R = 1 so that & = 4 and using equation (3.77) we derive
&s = 0:837. In the MRA S;Ref ' 0:347, then the scaled power efficiency is S '
0:29, while the exact value calculated numerically is S;Num ' 0:26. The power
efficiency calculated by means of the scaling law (3.77) is always overestimated
with respect to the exact value calculated numerically. Moreover, the difference
between S and S;Num evaluated at constant temperature increases as the B
decreases. This discrepancy is due to the assumption of high performance many
times employed to obtain equation(3.77): the more this hypothesis is incorrect
the lager the discrepancy is. This behavior is shown in figure3.17. Moreover
equation (3.77) is not able to grasp the possibility of increasing the ideal power
efficiency because of the constant temperature.
Because of the difficulties found in deriving a reliable non-dimensional power
balance scaling law, the scaling methodology adopted in the following subsection
employes only scaling laws with constant power efficiency. In this way it is still
94
Figure 3.17: The power efficiency scaling factor as a function of the delta scaling
factor at constant Te: The numerical line is plotted from the numerical solutions
of several scaled architecture, while the analytical line is plotted from equation
(3.78)
possible to evaluate the influence of scaling B with constant geometry which
is one of the main aims of the present Thesis. The problem of analyzing the
scaling of the power efficiency of the Plasma Source at constant temperature is
faced in subsection 3.2.3, where analytical results obtained from equation (3.77)
and numerical results are compared.
3.2.2 Scaling at constant power efficiency and constant
temperature
In the case of constant Te and constant S , the scaling laws (3.68), (3.69), (3.70),
(3.71), (3.72) and (3.77) become
&M &
2
R
&V
&2AR = 1 (3.79)
&V = &
2
R&L (3.80)
&AR =
&L
&R
(3.81)
&R&B = 1 (3.82)
&M
&P
= 1 (3.83)
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Scale-V Scale-B Scale-PV Scale-PB
&M 1 1 &P &P
&R &
1=4
V &
 1
B &
1=4
P 1
&L &
1=2
V &
 2
B &
 1=2
P &
 1
P
&B &
 1=4
V &B &
 1=4
P 1
&AR &
1=4
V &
 1
B &
 3=4
P &
 1
P
&V &V &
 4
B 1 &
 1
P
&P 1 1 &P &P
Table 3.1: Solution of the algebraic scaling equations for the four scaling modes
Scale-V, Scale-B, Scale-PV and Scale-PB
where &U = 1 thanks to equation (3.73) at constant Te. The set of equations
(3.79)-(3.83) consist of 5 equations and 7 variables. One must fix two scaling
factor in order to derive the new configuration. Fixing the scaling factors is
then fixing a scaling mode. One can not fix at the same time either the couples
(&R; &B) or (&M ; &P ) because they are linearly dependent variables.
In the present subsection four main scaling modes are analyzed: scaling at
constant power/mass with either imposed volume scaling factor or imposed mag-
netic field scaling factor, scaling with constant volume and imposed power/mass
scaling factor and finally scaling with constant magnetic field and imposed
power/mass scaling (where the power and mass can be used in interchange-
able way because of equation (3.83)). The solutions of the set of equations
(3.79)-(3.83) for the four scaling modes are listed in the Table 3.1.
The first case (Scale-V) is interesting because the total volume of the Plasma
Source fixes, in first approximation, the mass and the boundary dimensions of
the Helicon Thruster and it is always interesting to understand how control
these two design parameters. The magnetic field density increases with decreas-
ing volume, so that a reduction of the mass of Helicon Thruster implies a larger
magnetic field density. On the contrary, it is possible to decrease the magnetic
field density by increasing the volume of the Plasma Source with consequent
increase in the mass of the Helicon Thruster. Nevertheless, all the parameters
variate weakly with the variation of volume at constant power, so that a large
variation of the mass of the thruster can be obtained without a comparable vari-
ation in the other quantities. For example, imposing a volume (mass) reduction
of &V = 0:5, the magnetic field density increases only by a factor &B = 1:2 which
could be an affordable implementation. The scaling laws for the Scale-V mode
are shown in figure 3.19.
The second case (Scale-B) is the most interesting case with respect to the
scope of the Thesis because it enables the designer to scale the geometry of the
Plasma Source depending on the maximum value of B he is able to obtain. As
one can see in Table 3.1, the scaling strategy involves a strong dependence on the
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Figure 3.18: Geometrical scale of the Plasma Source with scaling magnetic field
density.
scale factor &B and all the length-type scale factor increases with decreasing &B .
Overturning the point of view of the Scale-V, the volume variates with a quartic
law with respect to the scaling factor of magnetic field density: decreasing the
magnetic field density from 100mT to 80mT (&B = 0:8) implies &V = 2:4 which
could not be an affordable overweight or over-sizing of the Helicon Thruster (as
one can see in figure 3.18). The scaling laws for the Scale-V mode are shown in
figure 3.20
The third case (Scale-PV) is able to give the designer information about
the variation of B needed to fire at different operative condition of power and
mass. In equation (3.63) the ideal power efficiency do not change if P= _m is kept
constant during scaling, so scaling the power at constant power efficiency and
constant temperature (that is constant effective exhaust velocity) increases the
thrust proportionally to &P . At the same time, the cross section of the Plasma
Source scales as &2R = &
1=2
P and then the thrust density scales as &P=&2R = &
1=2
P .
It should be theoretically possible to increase the thrust density linearly with
increasing power (as in the Scale-PB), but then the aspect ratio would decrease
until the long-aspect-ratio hypothesis is not appropriate any more. The same
problem is faced during Scale-PV, but with lower power of scaling. The scaling
laws for the Scale-PV mode are shown in figure 3.21.
Finally, as it is enlightened by Chen [19], the plasma flow should be able to
reduce its own volume occupied inside the Plasma Source when the RF Antenna
and the plasma flow are not in matching operative conditions (for example when
the power delivered by the RF Antenna in far from operative conditions); this
situation can be simulated by the fourth scaling strategy (Scale-PB) where the
Plasma Source is not able to variate the magnetic field density. As already
anticipated, this scaling mode linearly increases the thrust density with the
drawback of linearly decreasing aspect ratio. The scaling laws for the Scale-PB
mode are shown in figure 3.22.
In the subsections 3.2.3 and 3.2.4 different Scale Reference Architectures
(SRA) than the MRA are found to obtain the required power efficiency re-
spectively with either constant temperature or constant magnetic field. Once
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Figure 3.19: Scaling factors for the Scale-V scaling mode
determined the SRA it is then possible to apply the scaling modes derived in
the present subsection to properly scale the geometry or physical parameters
of the Plasma Source to match the design requirements the designer wants to
obtain.
3.2.3 Scaling power efficiency at constant temperature
In subsection 3.2.1 it was shown the possibility to scale the power efficiency of
the Plasma Source at constant temperature by means of the scaling factor &.
Nevertheless, as was said before, the equation (3.77) shows some discrepancies
in the values of &S between the predicted values and the numerical results at
constant reference temperature. In the present subsection the equation (3.77) is
thus replaced by a more general non-dimensional power balance scaling equation
&S = &F (&) (3.84)
which can be numerically evaluated. In figure 3.17 the numerical solutiom
is shown together with a really appropriate second order fitting. The second
order fitting can then be employed as a fitting expression in the form
&S ' cS1&2 + cS2& + cS3 (3.85)
where for the MRA cS1 =  0:0125, cS2 =  0:0207, cS3 = 1:035. At fixed
geometry, &B = & 1 from the definition of , so that one can assume &B to be
the leading scaling factor in the scale mode (Scale-EtaB).
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Figure 3.20: Scaling factors for the Scale-B scaling mode
Figure 3.21: Scaling factors for the Scale-PV scaling mode
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Figure 3.22: Scaling factors for the Scale-PB scaling mode
The scaling mode can be summed up by the set of scaling laws
&B = &B (3.86)
&S = &F (&) (3.87)
&R = 1 (3.88)
&L = 1 (3.89)
&M = 1 (3.90)
&U = 1 (3.91)
&P = &
 1
S (3.92)
Here the geometry and the mass flow rate are assumed to be fixed and equal
to the one from the MRA, so that &P increases with decreasing S from equation
(3.76) at constant temperature. This scaling mode is of large interest when the
designer had already fixed the effective exhaust velocity he wants to obtain from
the Helicon Thruster (that is determined once fixed Te). He can then scale the
power efficiency imposing the larger magnetic field density he is able to provide
into the Plasma Source for a fixed geometry.
After this scaling procedure, a new Scale-EtaB Reference Architecture for
the Scale-EtaB scaling mode is found. The Scale-EtaB SRA can then be further
scaled through one of the four scaling mode analyzed in subsection 3.2.2. For
example, the designer could be interested in lowering B with respect to the MRA
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Figure 3.23: Scaling factors for the Scale-EtaB scaling mode
through Scale-EtaB scaling mode, but could not accept a respective increase in
the power provided by the RF Antenna. The designer can thus first scale the
MRA to the Scale-EtaB SRA obtaining &B = &B , and then scale the Scale-EtaB
SRA with the Scale-PB mode (scaling P , constant B) reducing P to the value
of the MRA. The whole process is done by the product of the the scaling factors
of the Scale-EtaB and Scale PB mode as illustrated bellow (where &B = 0:5 was
assumed for example)
&B = &B  1 = &B = 0:5
&S = &F
 
&B
 1  1 = &F  &B 1 = 0:828
&R = 1  1 = 1
&L = 1  & 1S = & 1S = 1:21
&M = 1  &S = &S = 0:828
&U = 1  1 = 1
&P = &
 1
S  &S = 1
The total Scale-EtaB and Scale-PB scaling process is illustrated in figure
3.23 for the general scaling factor &B . After this scaling procedure, the designer
should check if the designed magnetic assembly is still able to provide the right
value of magnetic field density in the whole Plasma Source because the total
scaling process scales the length of the Plasma Source.
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If, on the other hand, we are interested in fixing the power efficiency scaling
factor to find the delta scaling factor needed to obtain it, one can simply evaluate
the inverse function of equation (3.84)
& = &
 1
F (&S ) = &FS (&S ) (3.93)
which is plotted in figure 3.24. Even in this case it is possible to obtain an
appropriate second order data fitting which provides us the fitting expression
& ' c1&2S + c2&S + c3 (3.94)
where for the MRA c1 =  20:8, c2 = 24:1, c3 =  2:31. Using this scaling
mode (Scale-BEta) the designer is able to design a Plasma Source at constant
effective exhaust velocity with fixed S finding out the needed magnetic field
density B. The scaling mode can the be summed up by the set of scaling laws
&S = &S (3.95)
&B = &FS (&S ) (3.96)
&R = 1 (3.97)
&L = 1 (3.98)
&M = 1 (3.99)
&U = 1 (3.100)
&P = &
 1
S (3.101)
Again, a new Scale-BEta SRA for the Scale-BEta scaling mode is now found
and can be further scaled through one of the four scaling mode analyzed in
subsection 3.2.2. If, for example, the designer is interested in scaling the MRA
to lower the power efficiency of the Plasma Source employing the same power
provided by the RF Antenna in the MRA, he can sequentially scale the MRA
with Scale-BEta and Scale-PB obtaining (fixing for example &S = 0:9)
&S = &S  1 = &S = 0:9
&B = [&FS (&S )]
 1  1 = [&F (&S )] 1 = 0:39
&R = 1  1 = 1
&L = 1  & 1S = & 1S = 1:11
&M = 1  &S = &S = 0:9
&U = 1  1 = 1
&P = &
 1
S  &S = 1
The total Scale-BEta and Scale-PB scaling process is illustrated in figure
3.25 for the general scaling factor &s .
The numerical validity of the present analysis is restricted to Te of the MRA
because the numerical coefficients of equations (3.85) and (3.94) are functions of
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Figure 3.24: Delta scaling factor in Scale-BEta scaling mode. The analytical
line is plotted from equation (3.78), while the numerical line correspond to the
delta scaling factor evaluated from numerical solutions of the Plasma Source at
different magnetic field density and same Te: The data fit line corresponds to
the equation (3.94).
Figure 3.25: Scaling factors for the Scale-BEta scaling mode
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the equilibrium electron temperature Te. Nevertheless, the designer can always
find other SRA with different equilibrium electron temperature Te matching the
required effective exhaust velocity and then derive scaling laws with adequate
numerical coefficients. In the next subsection a scaling mode able to scale Te
is derived, leaving aside the problem of deriving proper scaling laws for the
Scale-EtaB and Scale-BEta scaling modes.
3.2.4 Scaling temperature
The scaling of the equilibrium electron temperature is important every time the
designer wants to scale the equivalent exhaust velocity. The equation (3.73)
shows that it is not possible to scale Te like any other parameter unless strongly
affecting the neutrals sonic speed. Like in the previous subsection, the scal-
ing of Te is then derived by finding a new SRA for each scaling mode where
the temperature is not kept constant. Two main scaling modes are took into
consideration: scaling of Te with variable power efficiency (Scale-TEta mode)
and scaling the power efficiency with variable Te (Scale-EtaT mode). They are
equivalent scaling modes but while the Scale-TEta mode is only able to predict
the properties of the thruster, the Scale-EtaT give us a precise understanding
of the performance limits of the radially shielded Plasma Source.
In the first case, from equations (3.62) and (3.63) the following scaling laws
can be found
&T = &T (3.102)
&P = cP1&T + cP2 (3.103)
&S = cP1  
1
&P
cP2 (3.104)
Scaling from the MRA one obtains
cP1 = 1:44; cP2 =  0:44
The difference between the analytical scaling of the properties of the plasma
with respect to the numerical results obtained at different input RF power is
shown in figure 3.26.
If we suppose that, realistically, the equivalent exhaust velocity scales with
the plasma acoustic speed (as it happens in any electrothermal thruster) then
the equivalent exhaust velocity scale with the square root of the equilibrium
electron temperature. One can then apply a Scale-PB to obtain geometry and
operative condition of the thruster. If the designer, for example, wants to double
the effective exhaust velocity
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Figure 3.26: Variations of both the temperature and power efficiency scaling
factors as a function of &P in the Scale-TEta scaling mode. The numerical lines
correspond to the value obtained from the numerical solution of the Plasma
Source, while the analytical lines are plotted from equations (3.102)-(3.104)
&T = &T  1 = &T = 4
&P = (cP1&T + cP2)  (cP1&T + cP2) 1 = 1
&S =

cT1   cT2
cP1&T + cP2

 1 = cT1   cT2
cP1&T + cP2
= 1:30
&B = 1  1 = 1
&R = 1  1 = 1
&L = 1  (cP1&T + cP2) = (cP1&T + cP2) = 3:1
&M = 1  (cP1&T + cP2) 1 = (cP1&T + cP2) 1 = 0:33
&U = 1  1 = 1
The large increase in the length of the Plasma Source could be an unafford-
able design problem. The thruster should thus be scaled to obtain a longitudinal
length compatible with the geometry requirements. As one can derive from the
Scale-V scaling mode, this increases the required external magnetic field.
The problem of scaling temperature can be approached imposing the wanted
power efficiency of the electric thruster so deriving the other properties of the
Plasma Source. This is the Scale-EtaT mode. The scaling laws are derived
from equations (3.102)-(3.103) by imposing &S = &S with variable &T . It is
again possible to apply a Scale-PB mode to find the plasma properties and the
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Figure 3.27: Scaling factors for the Scale-EtaT scaling mode
geometry of the thruster at low power. From figure 3.27 it is clear how increasing
the power efficiency in this way leads to a divergent increase of the length of the
Plasma Source with only slight improvement of the performance of the thruster.
3.3 The influence of magnetic field density on the
Power Efficiency of radially shielded Plasma
Source
In the previous sections a physical model of the Plasma Source had been derived
in the case of only radially shielded Plasma Source. The power balance equa-
tion (3.66) shows a strong dependence of the solution on the external magnetic
field density. At low magnetic field density the radial shielding of the Plasma
Source is indeed not effective anymore, increasing directly the power losses at
the wall surface and indirectly increasing the power spent on the ionization of
the propellant. The previous expectations are confirmed by the numerical anal-
ysis; the results are shown in subsection 3.1.3. Similar results are obtained in
the subsection 3.2.3 where the power efficiency of the Plasma Source is scaled
with respect to the variations of the magnetic field density in the simplified case
of large power efficiency. In this case, the power efficiency dramatically drops
with the decrease of the magnetic field density ad one can see in figure 3.25.
Unfortunately, while it is easy to decrease the power efficiency of the Plasma
Source decreasing the magnetic field density, it is not possible to increase S
thanks to variation of the equilibrium electron temperature without increasing
the length of the Plasma Source to unaffordable length scale to be properly
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Figure 3.28: Scaling factors for a scaling procedure composed employing a Scale-
EtaT (&S = 1:30) together with a Scale-B scaling mode (&B = 0:5)
designed. The problem is much more evident when the scaling of the Plasma
Source is completed with a Scale-B to reduce the magnetic field intensity at
constant S . The results can be seen in figure 3.28 where a logarithmic scale is
employed to appreciate the increase of L in the case of increasing S with low
magnetic field density.
If the designer then wants to decrease L at constant power, one can derive
from the Scale-V mode that the magnetic field density would increase with
the square root of the decreasing of the length of the Plasma source, that is
&B = &L
 1=2. In the case of the previous subsection, to increase the power
efficiency of a scaling factor &S = 1:30 the length of the Plasma Source have to
increase with scaling factor &L = 3:1; to regain a geometric configuration with
the same length of the MRA then &B = &L 1=2 ' 1:8, that is a final magnetic
field density of nearly 180 mT. This is probably an unaffordable design condition
in the most cases of low power applications. Then, to obtain large performance
of a Plasma Source there is a trade off between affordable magnetic field density
and affordable length of the Plasma Source. Realistic S  40% can be obtain
from reasonable B and L.
In any case the power efficiency of a radially shielded Plasma Source can not
reach higher values than 50% because of the equipartition between the power
fluxes to the rear surface and the exit surface. There is no way to increaseS over
50% even in the theoretical case of infinite magnetic field density and infinite
length of the Plasma Source. Supposing a power efficiency of the Magnetic
Nozzle of nearly 80%, the power efficiency of the Helicon Thruster composed by
a only radially shielded Plasma Source is theoretically limited to 40%; in the
realistic case of limited L and B, as we said before it is difficult to obtain a power
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efficiency larger than 40%, which would imply HT ' 30%. These results are
way larger than the ones obtained by non-radially shielded Helicon Thrusters
[33] and they are comparable to the results obtained in the case of radially
shielded Helicon Thrusters [23]. Nevertheless, in these cases HT is not large
enough to justify the use of Helicon Thrusters instead of other electric thruster
in the low power applications. This is the reason why a RA with both radial
and axial magnetic shielding of the surfaces of the Plasma Source is discussed
in the following Chapter 4.
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Chapter 4
Magnetic Shield
From the previous Chapter the need to axially shield the Plasma Source was
confirmed from the analytical and numerical evaluation of a radially shielded
Plasma Source. The main responsible of both the ideal and real low efficiencies
of the Plasma Source is the axial power flux to the rear surface which is nearly
equal to the power flux to the exit surface. To decrease power losses to the rear
surface the designer can not employ a strategy to reduce the power loss due to
a cross field power diffusion because the power loss to the rear surface is due to
a parallel field power transport. In any case, even in this case the problem of
shilending the power flux can be solved by modeling a proper magnetic field, so
confirming the critical importance of the magnetic field design into increasing
the performance of the Helicon Thrusters. In Chapter 2 the use of a magnetic
mirror type magnetic topology was suggested to decrease the power flux to a
surface parallel to the plasma flow. In the present Chapter this suggestion is
analyzed and reviewed. In the first subsection the general theory of the plasma
flow into a magnetic stream tube is first introduced. The general results of
this model will be employed even in Chapter 5 in determining the geometry of
the Magnetic Mirror. In the second subsection the previous model is specified
in the case of the Magnetic Shield coupled with a proper Plasma Source. In
the third subsection the scaling of a Magnetic Shield is analyzed to find what
strategies can be employed into the first step design of a radially and axially
shielded Helicon Thruster with bounded magnetic budget or size issues. In the
fourth subsection, finally, the benefit of the Magnetic Shield is compared to the
case of only radial shielding; the adding of the Magnetic Shield is then justified.
4.1 Plasma flow in a magnetic stream tube
In Chapter 2 the flow of a completely magnetized plasma into a magnetic stream
tube was theoretically introduced from the point of view of particle dynamics.
In the present Chapter the particle description leaves the place to a two-fluid
plasma description of the plasma flow. In this way, the physical description of
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both the Magnetic Shield and Magnetic Nozzle can be easily coupled with the
physical model of the Plasma Source.
Because of the typical geometry of an Helicon Thruster, the magnetic stream
tube theory here presented is applied to axisymmetric geometry of the magnetic
topology, so that the magnetic field is
B = Brir +Bziz
From the Maxwell Equation r B = 0 it is possible to define the magnetic
streamfunction  =  (r; z) as the scalar function verifying
B = r r (4.1)
The components of the magnetic field can then be expressed in terms of the
partial derivatives of the magnetic stream function
Br =  1
r
@ 
@z
Bz =
1
r
@ 
@r
Because of the hypothesis of perfectly magnetized plasma, the plasma flow
is locally parallel to magnetic streamlines. If we take a reference cross section
of the plasma flow at the axial coordinate z0 with respect to a proper reference
frame, every stream tube is defined from the radial coordinate it occupied on
the reference cross section
 (r; z) =  (r0; z0)
In the case of the Magnetic Shield we take as a reference cross section the
throat of the Magnetic Shield. The upper relation can be used to implicitly
define the radial profile rm (z) of a magnetic stream tube which correspond
to the radial profile of the plasma flow because of the hypothesis of perfectly
magnetized plasma. Because of the hypothesis of non-inductive plasma flow,
the magnetic field coincides with the magnetic field generated by the magnetic
assembly so that designing the external magnetic field is the same thing as deter-
mining the plasma flow streamlines. The plasma flow is thus constricted inside
a plasma volume defined by the outer magnetic stream tube which corresponds
to the magnetic stream tube which crosses the reference cross section at the
outer radial coordinate that is the radius of the Plasma flow. The radial profile
of the outer magnetic stream tube RV is implicitly defined as
 [RV (z) ; z] =  (R; z0)
where R is the radius of the Plasma Source. The radial profile RV (z) is the
the outer boundary of the plasma flow.
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The plasma flow taken into consideration in this plasma model makes use of
a two fluid approach. The neutral species is considered to be of small impor-
tance inside the whole plasma dynamics because we suppose a non-collisional
plasma with no ionization and recombination effect inside the plasma volume.
Moreover, the inertial component of electron dynamics is neglected with respect
of the other terms in the electron momentum equation. Under these hypothesis,
equations (2.12), (2.13), (2.15) and (2.16) become
r  (n~ui) = 0 (4.2)
r  (nue) = 0 (4.3)
mi (~ui  r) ~ui =  er+ e~ui B (4.4)
0 =   1
n
r (nKTe) + er  eue B (4.5)
The equations (4.2) and (4.3) are formally similar to the Maxwell Equation
r  B = 0. It is possible to define a flow streamfunction for the j-th plasma
species from the conservation equation in same way as it was done for the
magnetic stream function
nuj = r j r (4.6)
from which one can link the components of the field of velocity to the deriva-
tives of the flow streamfunction
nurj =  1
r
@ j
@z
nuzj =
1
r
@ j
@r
From the azimuthal component of the ions momentum equation and from
the definition of the magnetic streamfunction one can obtain
n~ui B  ^ = 0 ! n~ui  r = 0 (4.7)
Putting together the relations (4.6) and (4.7) one can obtain
n~ui  r =   (r i r )  r = 0 !  i = f i ( )
and then
n~ui =
df i
d 
r r = df i
d 
B ! n~ui = Fi ( )B (4.8)
where Fi =
df i
d . The upper equation confirms that the velocity field and the
magnetic filed are locally parallel in a fluid plasma description. If one considered
the ion azimuthal velocity to be not negligible then the equation (4.8) would
had been still correct. Nevertheless, in the case of the present analysis (where
ui = 0) ~ui = ui so that equation (4.8) is equivalent to the scalar equation
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nui = Fi ( )B (4.9)
where the direction of the ions velocity can be found from the known mag-
netic field. In a similar way it is possible to find an equation for the electron
velocity. This time ue 6= 0 so that putting together the electron continuity
equation (4.3) and the azimuthal component of the electron momentum equa-
tion (4.5) one can obtain
nue = Fe ( )B+ nue^ (4.10)
This means that the longitudinal electron dynamics is completely similar
to the ions dynamics (and with the hypothesis of longitudinal ambipolarity
Fe ( ) = Fi ( )) while there is a remarkable difference in the azimuthal dynamics
of the two species which determines an azimuthal current. As will be seen in
the case of the Magnetic Nozzle, the azimuthal current is one of the sources of
thrust into the Helicon Thruster.
The only equations which were not employed until now are the longitudinal
equations of both the electrons and the ions. Unfortunately the energy equation
have now to be added to the set of equations (4.2)-(4.5) to elaborate the pres-
sure gradient term. While the plasma flow inside the Magnetic Shield analyzed
in the present Chapter is considered to be isothermal because of the thermal-
isation due to ionization collisions, the plasma flow inside a Magnetic Nozzle
analyzed in the following Chapter is considered to be adiabatic. Depending on
the thermal behavior of the plasma flow, a different thermal equation is coupled
with equations (4.2)-(4.5). In the case of isothermal plasma
1
n
r (nKTe) = KTer lnn (4.11)
where Te is uniform in the whole plasma volume and equivalent to the equi-
librium electron temperature of the Plasma Source. In the case of an adiabatic
plasma the thermal equation is instead
Te = Te00

n
n00
 1
e( 1)s (4.12)
where n00 and Te00 are the reference value of particles density and electron
temperature at the center of the plasma flow in the reference cross section and
s = s ( ) is the entropy of the plasma flow streamlines. The entropy is constant
along the same streamline because the plasma is ideal and adiabatic, but it
variates depending on the flow streamlines to make coherent the hypothesis of
Chapter 5 about a radially constant temperature profile at the throat of the
Magnetic Nozzle and a non constant radial profile of the particle density at
the throat. In the following section the hypothesis of isothermal plasma flow is
thought to be more appropriate in the case of the plasma model of the Magnetic
Shield. The case of adiabatic plasma will be later developed in Chapter 5.
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4.2 Plasma model of the Magnetic Shield
In the present Thesis, the Magnetic Shield is the region of the Helicon Thruster
where the neutral propellant is injected and the plasma generated in the Plasma
Sources is mirrored towards the exit of the Plasma Source. It is reasonable
to think that RF Antenna is able to effectively ionize the neutral propellant
not only in the Plasma Source but even in the region of the Magnetic Shield.
Nevertheless, in the present physical model, the plasma inside the Magnetic
Shield is non-collisional from the point of view of the continuity and momentum
fluid equations because we suppose the total length of the Magnetic Shield to
be sufficiently short with respect to the total length of the Plasma Source so
that to imply only small ionization of the neutrals. This assumption is only
partially confirmed by the numerical analysis which would suggest an axial
length of the Magnetic Shield of nearly one third of the total length of the
Plasma Source. The influence of the neutral dynamics on the charged species
dynamics is not taken into consideration in the present Thesis and a following
refinement of the physical model is needed in order to study the error induced by
the non-collisional assumption. Nevertheless, the ionization collisions is taken
into account from the point of view of the thermal equation: we thus suppose
the electrons to be thermalised so that the thermal equation of the electron
species is isothermal. Thus with isothermal plasma the longitudinal component
of the electron momentum equation (4.5) is
0 =   1
n
r (nKTe) + er  e
r
uer 
which can be rewritten as
e
r
uer =  r (KTe lnn  e)
From this equation one can derive
KTe lnn  e =  He ( ) (4.13)
This is an energy equation for the electron specie equivalent to the longitu-
dinal momentum equation for the electrons and describing the electron longitu-
dinal dynamics. This equation will be later employed to derive a unique energy
equation for the whole plasma. Moreover, from the upper energy equation one
can derive the expression of the electron azimuthal velocity
ue =
r
e
@He
@ 
(4.14)
which is useful in determining the electromagnetic contribution to the thrust
generated into the Magnetic Nozzle. The ions longitudinal momentum equation
(4.4) is instead rewritten as
(ui  r)ui =   e
mi
r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Making use of the vector identity
(ui  r)ui = ru
2
i
2
+ (r ui) ui
the ions momentum equation becomes
Fi
n
(r ui) (r r) =  r

e
mi
+
u2i
2

(4.15)
The curl of ui can be rewritten as
r ui = rFi
n
 (r r) + Fi
n
r (r r)
Moreover
r (r r) =  r2 r +

2
r
r  rr

r
so that the curl of ui has only azimuthal component
r ui =

rFi
n
 r   r
2Fi
n
r 

1
r2
r 

r (4.16)
From equations (4.15) and (4.16) one can then obtain
Fi
n

1
r2
rFi
n
 r   Fi
n
r 

1
r2
r 

r =  r

e
mi
+
v2i
2

(4.17)
thanks to which the final expression of the ions energy equation is
e+mi
u2i
2
=  Hi ( ) (4.18)
Adding equations (4.13) and (4.18) then one can derive the energy equation for
the plasma flow where the electric field term disappears
KTe lnn+mi
F 2i B
2
2n2
+He +Hi = 0 (4.19)
This is an algebraic equation in the variable n where Fi, He and He are constant
along the same streamline and are known from the boundary conditions at the
reference cross section. From equation (4.9) one can derive
Fi ( ) =
n0 ( )ui0 ( )
B0 ( )
where the 0-subsctipt stands for the properties on the reference cross section.
At the same time, from the equations (4.13) and (4.18)
He +Hi =  KTe lnn0 ( ) miu
2
i0 ( )
2
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Finally equation (4.19) becomes
ln
n
n0
+
1
2
u^2i0
"
B
B0
2
~n 2   1
#
= 0 (4.20)
which is an algebraic equation in the non-dimensional variable ~n = ~n ( ; z) =
n[r( ; z); z]
n0( )
to be solved numerically once the initial conditions at the reference
cross section and the magnetic field on the plasma volume is defined. The
numerical solution for generic (r; z) point inside the plasma volume is carried
on by firstly evaluating  (r; z) and B (r; z) and then finding the radius of the
same magnetic streamline at the reference cross section r0 such that  (r; z) =
 (r0; z0). The MS-loop is thought to be at the end of the equivalent solenoid
generating the uniform magnetic field inside the Plasma Source. In this way the
magnetic field inside the Magnetic Shield is the superposition of the uniform
axial magnetic field generated by the solenoid and the magnetic field generated
by a single current loop. The expression of the magnetic streamfunction is the
superposition of the magnetic streamfunction  S of the uniform magnetic field
generated into the Plasma Source and the magnetic streamfunction  MS of the
magnetic field generated by the MS-loop
 =  S +  MS =BSR
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where BS is the magnetic field density in the Plasma Source, B0MS is the
magnetic field density generated by the MS-loop at the center of the MS-loop,
RL is the radius of the MS-loop, z^ = z=R and r^ = r=R are the non-dimensional
axial and radial length, K and E are the complete elliptic integrals respectively
of first and second kind and k is the argument of the complete elliptic integrals
k2 =
4Lr^
(L + r^)
2
+ z^2
The magnetic stream function of the Magnetic Shield depends on dimen-
sional and non-dimensional parameters, but the dimensional parameters disap-
pears when r0 is evaluated thanks to the zero-finding of the function  (r; z) 
 (r0; z0). Once again, the non-dimensional solutions does only depend on the
geometry of the Magnetic Shield configuration and does not depend on the local
value of the magnetic field density. Once the radius r0 = r0 (r; z) has been eval-
uated, the initial conditions n0 = n (r0; z0), u^i0 = ui (r0; z0) and B0 = B (r0; z0)
are evaluated and equation (4.20) is finally numerically solved by zero finding
function. Once the particle density is known in the generic point (r; z), the ion
axial velocity can be found form equation (4.9)
ui (r; z) = Fi (r0)
~B (r; z)
~n (r; z)
= ui0
~B
~n
(4.21)
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where had been defined ~B = B=B[r0(r; z)] so that ~B (0; z0) = MS .
4.2.1 Coupling of the Magnetic Shield with the Plasma
Source
In the case of the Magnetic Shield, equations (4.9) and (4.20) are strongly
coupled with the plasma equations of the Plasma Source (3.48)-(3.51) and (3.66).
The boundary conditions of the equations of the Plasma Source are the sonic
speed at the exit of the Plasma Source (u^zE = 1), propellant utilization at the
exit of the Plasma Source determined by the equilibrium electron temperature
(n^zE = u (Te)), equal particle density and flow velocity at the cross section of
interface between the Plasma Source and the Magnetic Shield. Moreover, the
velocity at the throat of the Magnetic Shield is sonic because the flow is there
once again accelerated by the plasma sheath established in the proximity of the
rear wall. Assuming as the reference cross section the the throat of the Magnetic
Shield, from equation (4.21) one derives
u^iA (r; z) = u^i0 [r0 (r; z)]
~B (r; z)
~n (r; z)
=  
~B
~n
where ~n is known from the numerical solution of equation (4.20). As an ad-
ditional hypothesis, the non-dimensional velocity u^iA is considered to be com-
pletely axial so that one can employs u^iA ' u^ziA as boundary condition of the
Plasma Source. Unfortunately, in the general case, the ratio ~B~n is a function
of the point (r; z) so that the axial velocity of the ions in the Plasma Source
here derived is not radially constant but depends on the specific configuration of
the Magnetic Shield. To get more insight about the conditions thanks to which
the radial profile of the axial ions velocity can be considered constant, one can
rewrite equation (4.19) into the form
u^2iA (r)
2
  u^
2
i0 (r0)
2
+ ln

nA (r)
n0 (r0)

= 0
from which, imposing uniform sonic speed at the throat of the Magnetic
Shield, it is possible to derive
n0 (r0)
nA (r)
= exp

1
2

u^2iA (r)  1

(4.22)
On the other hand, one can rewrite equation (4.9) deriving
n0 (r0)
nA (r)
= u^iA (r)
B0 (r0)
B (r)
(4.23)
Putting together equations (4.22) and (4.23) one finally derives
1
u^iA (r)
exp

1
2

u^2iA (r)  1

=
B0 [r0 (r)]
B (r)
(4.24)
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The left side of the previous equation generally depends on the radial coordi-
nate inside the cross section. The radial dependence of the ions axial velocity is
then stronger the stronger is the radial dependence of the right side of the equa-
tion. To maintain consistence with the plasma model of the Plasma Source,
B (r) is assumed to be uniform over the cross section between the Magnetic
Shield and the Plasma Source. To obtain an almost radial independence of the
ions axial velocity then the relation
B0 [r0 (r)] ' B0M = const:
has to be verified. It is possible to obtain an almost uniform magnetic field
density profile on the throat of the Magnetic Shield only when the radius of
the MS-loop is sufficiently large with respect to the radius of the throat of
the Magnetic Shield. Unfortunately this magnetic configuration increases the
magnetic budget needed to generate the required magnetic field since in first
approximation the magnetic field generated at the center of a current loop is
directly proportional to the current inside the loop and inversely proportional to
the radius of the loop. This means that, once fixed the magnetic field density at
the center of the loop from considerations about the wanted particle reflexion,
the larger the radius of the loop is, the larger is the current required to generate
the same magnetic field density. The problem about the possible oversize of the
magnetic budget to obtain a proper magnetic assembly is treated in Chapter
6; we now assume that such a magnetic assembly there exists. If, on the other
hand, the radial profile of the axial velocity is sufficiently uniform, one can
use the mean value of the axial velocity to be the boundary condition of the
differential equations of the axial model of the Plasma Source. The values of u^iA
are plotted in figure 4.1 as a function of the ratio between the magnetic field in
the throat of the Magnetic Shield and the interface with the Plasma Source in
the case of uniform magnetic field on both the cross sections. As one can easily
see, the larger drop in the value of the axial velocity happens for MS < 2. This
means that the flux to the rear surface is sufficiently shielded even with quite
low magnetic field intensity at the throat of the Magnetic Shield, but at the
same time it is difficult to decrease the particle flux under a certain value even
at large value of the ratio of the magnetic field density.
After the designer fixed the ratio between the magnetic field density at the
center of the MS-loop and he magnetic field density in the Plasma Source MS
and once he fixed the ratio between its radius and the radius of the Plasma
Source L, there exists e minimum distance between the end of the Plasma
Source and the MS-loop which has to be kept so that to guarantee a sufficiently
uniform and axial magnetic field at the boundary cross section. This condition
is accomplished when the outer magnetic streamline of the Magnetic Shield
converges at the radius of the Plasma Source. As one can see in figures 4.2 and
4.3 the larger MS is, the longer is the minimum axial distance at which the
approximation of perfect convergence of the outer magnetic streamline to the
radius of the Plasma Source is appropriate. In the case of figure 4.2 the outer
magnetic streamline reaches the 99% of the radius of the Plasma Source at a
distance from the MS-loop of 2.5 times the radius of the Plasma Source, while in
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Figure 4.1: The non-dimensional axial velocity of the plasma flow at the bound-
ary between the Plasma Source and the Magnetic Shield as a function of the
non-dimensional parameter MS
the second case the minimum distance is about 5 times the radius of the Plasma
Source. This could bring the length of the Magnetic Shield to be comparable
with the total length of the Plasma Source so that one should not neglect the
ionization inside the Magnetic Shield any more to obtain reliable results. The
Thesis does not face the problem of ionization in the plasma volume of the
Magnetic Shield and the Author leaves to some future work the evaluation of
the consequences of ionization in the plasma model of the Magnetic Shield.
Finally, the value of MS fixes, in first approximation, the radius of the
throat of the Magnetic Shield. If the magnetic field at the throat of the Magnetic
Shield and at the boundary cross section is indeed almost uniform, the area ratio
between the throat and the cross section of the Plasma Source is proportional
to
ATh
APS
=
1
1 + MS
so that the magnetic flux on the two cross sections is the same. The larger
MS is, the narrower is the throat of the Magnetic Shield. After the correct
shape of the outer magnetic streamline had been derived, the designer can ef-
fectively design the inner surface of the thruster connecting the Plasma Source
with the injection assembly. In the general case, the surface of the Magnetic
Shield acts as a power sink because of the cross-field power diffusion, especially
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Figure 4.2: Magnetic streamlines corresponding to the case MS = 1
Figure 4.3: Magnetic streamlines corresponding to the case MS = 3.
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if the longitudinal length of the Magnetic Shield is not neglettable. Neverthe-
less the present analysis focuses on high performance Helicon Thrusters, so that
the increase in the effective length of the lateral walls of the thruster do not
increases in a appreciable way the total power balance of the Plasma Source.
On the other hand, it is possible to evaluate the power flux to the Magnetic
Shield as
(PA)MS = 2c
3
s
 R
0

1
2
u^2iA +
5
2

u^iArdr (4.25)
If the Magnetic Shield had been correctly designed u^2i  1, so that (PA)MS <
(PA)PS and adding the Magnetic Shield to the Plasma Source becomes an ef-
ficient strategy to decrease the power flux to the rear surface so increasing the
power efficiency of the Plasma Source. A new power balance equation can be
derived in the case of coupled Plasma Source and Magnetic Shield
PRF ' KTe
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(4.26)
to be numerically solved together with equations (3.48)-(3.51). In the case
of high performance and high power efficiency of the Plasma Source, one can
assume the approximation n^A ' n^E ' u to be appropriate , so that the
previous equation becomes
PRF ' KTe _m
mi

3 +

1
2
u^2iA +
5
2

u^iA

+ E0ion
_m
mi
(1 + u^iA) (4.27)
From the previous equation one can derive the expression of the power effi-
ciency in the case of effective axial magnetic shielding
S;ideal =
3KTe
KTe

3 +
 
1
2 u^
2
iA +
5
2

u^iA

+ E0ion (1 + u^iA)
(4.28)
If one impose u^iA ' 1 equation (4.28) becomes again the equation (3.63)
so that the axial magnetic shielding is ineffective. On the other hand, when
u^iA  1 there is a perfect axial magnetic shielding and the previous equation
simplifies into
(S;ideal)perfect MS =
3KTe
3KTe + E0ion
which tends to unity when the temperature is sufficiently large with respect
to the effective ionization energy. The intermediate trend between the perfect
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Figure 4.4: The ideal power efficiency of the Plasma Source as a function of Te
ad the strength of the axial shielding (evaluated by means of u^A)
axial shielding and no axial shielding is shown in figure 4.4 for several values of
u^iA. From figure 4.1 one can assume reasonably u^iA = 0:2 in the most case of
effective axial magnetic shielding so that it is possible to obtain, in the range of
temperature of interest, a power efficiency of the Plasma Source between 65%
and 75% which is about the double of the power efficiency reached in the case of
no axial magnetic shielding. This result theoretically confirms the importance of
axial magnetic shielding in increasing the power efficiency of the Plasma Source
to acceptable levels.
The final confirm of the importance of the Magnetic Shield is given by the
numerical analysis. The numerical code employed to solve the coupling between
the Plasma Source and the Magnetic Shield (PS_MS_SOLVE) is based on the
previously described PS_SOLVE. In first place, PS_SOLVE runs to evaluate
the equilibrium electron temperature in the case of no magnetic shielding. Then
the first sub-routine evaluate a proper geometry of the Magnetic Shield and the
second sub-routine solve the physics of the Magnetic Shield deriving the velocity
at the boundary cross section u^iA. The value of u^iA is imposed as the new
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boundary condition to PS_SOLVE which now solves the physics of the axially
shielded Plasma Source.
The numerical results of the RA are shown in figure 4.5. Comparing the
results with the ones obtained for the MRA in the case of no Magnetic Shield
(figure 3.5), one can easily see how the new results are way similar to the previous
one by simply shifting the plot to the left of the z-axis. The equilibrium electron
temperature and the power efficiency of the Plasma Source are plotted in figures
4.6 and 4.7; their trend is totally equivalent to the one of the non-axially shielded
Plasma Source but they shows larger values of equilibrium electron temperature
and power efficiency at the same RF power input. Even in the non-ideal case
the designer can reach power efficiency larger than 50% which is the theoretical
limits on the power efficiency at infinite temperature for the non-axially shielded
case. Nevertheless, the magnetic field density generated in the Plasma Source
required to obtain high power efficiency is probably too large to make the RA
a possible solution to be really designed. In the next subsection the problem of
scaling the Magnetic Shield and an axially shielded Plasma Source is faced to
obtain larger power efficiency with lower required magnetic field density.
4.3 Scaling the Magnetic Shield
4.3.1 Scaling at constant power efficiency and constant
temperature
As in the case of a non-axially shielded Plasma Source, a Magnetic Shield
coupled with a Plasma Source was numerically solved to find the right non-
dimensional variables that determines the non-dimensional solutions of the me-
chanical problem (involving densities and velocity) and the thermal equilibrium
equation. We first analyze the mechanical equations solving the Plasma Source
and the Magnetic Mirror. For what concerns the Plasma Source, the mechan-
ical equations are determined once are fixed L^, an and ai as in the case of
non-axially shielded Plasma Source. As was said in the case of the Plasma
Source, it is not possible to simply scale the equilibrium electron temperature
because of the impossibility of freely scale the neutral speed in the expression of
the non-dimensional parameter an. Nevertheless, with the Magnetic Mirror the
boundary condition regarding the axial velocity at the boundary cross section
does not impose a sonic flow any more. The solution of the mechanical problem
is fixed only once the value of u^iA is fixed. From equation (4.24) one can find
out that u^iA is fixed once the geometry of the Magnetic Shield had been fixed
and that goemtery depends on the value of the ratio between the magnetic field
density on the throat of the Magnetic Shield and the magnetic field density on
the boundary cross section
BM
BS
= 1 + MS
The non dimensional number MS is thus a new non-dimensional parameter
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Figure 4.5: Solution of the non-dimensional Axial Model for the Reference Ar-
chitecture in the case of an axially shielded Plasma Source
123
Figure 4.6: Equilibrium electron temperature as a function of the input RF
power for several magnetic field density inside the Plasma Source
Figure 4.7: Power efficiency of the Plasma Source as a function of the input RF
power for several magnetic field density inside the Plasma Source
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that determines the non-dimensional solution of the coupling between a Mag-
netic Mirror and a Plasma Source. From the definition of the RA in Chapter
2, MS = 1 in the RA. For what concerns the power balance equation (4.26),
the non dimensional parameters determining the power efficiency of the Plasma
Source are L^,  and MS once again through u^iA. Thanks to this dependence,
once MS is fixed, one can scale the axially shielded Plasma Source with the
same scaling laws already found in Chapter 3; the scaling mode of interest are
the same too.
It is important to remark that the non dimensional solution is fixed once the
geometry of the Magnetic Shield is fixed, so that scaling the length of the Plasma
Source does not affect the dimensional length of the Magnetic Mirror. This
means that one can increase the ratio between the length of the Plasma Source
and the axial length of the Magnetic Shield so improving the approximation of
no particle production inside the Magnetic Shield. On the other hand, the axial
length of the Magnetic Shield scales with the square of the radius of the Plasma
Source, so that increasing the radius of the Plasma Source has a detrimental
effect on the approximation of no particle production inside the Magnetic Shield
region. Fortunately the Scale-B scaling mode scales the radius as & 1B while it
scales the length of the Plasma Source as & 2B so that the ratio between the axial
length of the Magnetic Shield and the length of the Plasma Source remains the
same along the Scale-B process.
4.3.2 Scaling power efficiency
It is possible to scale the power efficiency of the Plasma Source by increasing the
equilibrium electron temperature by increasing the RF power provided the RF
Antenna and, following what was said in Chapter 3, then scaling the Thruster
by means of a PB-scale followed by a B-scale to get the require magnetic field
density in the Plasma Source. Once again this process is effectively able to
increase the power efficiency of the Plasma Source but the increase in the length
of Plasma Source is too large to be manageable in a real design of the Helicon
Thruster. Moreover the magnetic field density in the Plasma Source of the RA
is already high enough to discourage any increase of the radial confinement of
the Plasma Source.
Fortunately in the case of an axially shielded Plasma Source a designer
can increase the power efficiency of the Plasma Source by increasing the MS
parameter so that decreasing u^iA and the respective power flux to the rear wall.
The dependence of the power efficiency of the Plasma Source on the value of the
non dimensional parameter MS is shown in figure 4.8. As already said before,
increasing MS from 0 to 2 improves S from 35% to nearly 60%, while increasing
MS from 2 to 4 improves S only of 5%. This means again that it is quite simple
to obtain a sufficiently high axial shielding but at the same time it is difficult
to improve the axial shield over a certain level. Moreover, the larger MS is,
the longer is the axial length of the Plasma Source. This last consideration
imposes a limit on the physical validity of the present analysis, attesting the
optimum value of MS on 2 or 3 depending on the technology employed by
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Figure 4.8: Power efficiency of the Plasma Source as a function of the non-
dimensional parameter MS
the designer. The power efficiency of the Plasma Source is thus improved to
about 60%. Considering an affordable power efficiency of the Magnetic Nozzle
N ' 80%, the total power efficiency of the Helicon Thruster is then  50%
which would confirm the Helicon Thruster to be competitive with respect to
other low power electric thrusters.
Scaling MS permits the designer to find other SRA with higher power ef-
ficiency at the same power supplied by the RF Antenna. This means that it is
not needed to apply a Scale-PB to regain the initial value of PRF as was done in
the non-axially shielded case. On the contrary, it is sufficient to scale the SRA
thanks to a Scale-B mode to decrease the magnetic field density of the Plasma
Source to an affordable level determined by the technological solution employed
by the designer. The relative increase of the length of the Plasma Source is
moderate as one can see in figure 4.9 (while, in the case of scaling the equilib-
rium electron temperature in the non-axially shielded Plasma Source, &L could
be even 40100 for halving the magnetic field density of the Plasma Source). If
the designer still considers the increase in the length of the Plasma Source to be
unaffordable, he can apply a Scale-PB increasing the power provided by the RF
Antenna and the mass flow rate so diminishing L. Nevertheless, after applying
the Scale-PB scaling mode, the axial length of the Magnetic Mirror could grow
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Figure 4.9: Scaling factors for a scaling procedure composed employing a Scale-
B together with a Scale-PB scaling mode (&P = 2)
much more than the length of the Plasma Source decreasing the precision of the
approximation of no particle production inside the Magnetic Shield.
4.4 Power Efficiency of axially and radially shielded
Plasma Source
The main problem about a non-axially shielded Plasma Source regards the sym-
metry of the boundary conditions at both the rear and exit surface. Because of
the comparable plasma density on the two surfaces, the power fluxes are nearly
the same in the case of high power efficiency of the Plasma Source. This limits
the maximum power efficiency to 50% in the ideal case of no power losses to
the wall and no power losses to ionization which is a proper approximation only
with equilibrium electron temperature much grater than the ones on the range
of interest of the analysis. It is not indeed possible to increase the equilibrium
electron temperature over a certain limits because the length of the Plasma
Source should increases of a scaling factor of about 10  102 which is not a
feasible design solution. The power losses due to ionization are thus a factor
comparable to the power flux towards the exit surface and the power efficiency
of the Plasma Source is lowered to 30%  40% in the case of more realistic
magnetic field density inside the Plasma Source.
The Magnetic Shield, on the contrary, introduces an axial asymmetry which
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is able to decrease the axial velocity inside the Plasma Source at the boundary
with the Magnetic Shield itself. In the present analysis the equilibrium electron
temperature is usually much larger thanks to the decrease of the thermal flux to
the rear surface. Nevertheless, the numerical solution of u^z and n^z in a Plasma
Source is quite insensitive to different Te. This causes the numerical solution
of both u^z and n^z in the case of the coupling between a Plasma Source and a
Magnetic Mirror to be similar to the numerical solution of a non-axially shielded
Plasma Source with shifted axial coordinate so that to match the u^zA boundary
condition. To obtain the better axial shielding the designer has to decrease
u^zA the more he can, increasing the ratio between the magnetic field density
generated by the MS-loop and the magnetic field density inside the Plasma
Source L. One can obtain theoretically high power efficiency which tends to
unity for infinite MS and large equilibrium temperature.
The use of a Magnetic Shield is thus confirmed to be an appreciable solution
aiming to increase the power efficiency of a Plasma Source by means of opti-
mization of the magnetic streamlines design. Unfortunately, the larger is MS ,
the longer is the axial length of the outer magnetic streamline attaching the
lateral wall of the Plasma Source. The hypothesis of no particles production
inside the Magnetic Shield is more inappropriate the longer the axial length of
the Magnetic Mirror becomes with respect to the length of the Plasma Source.
There exists a compromise value of MS around 2  3 which permits a suffi-
ciently large power efficiency without altering too much the hypothesis of the
present model. An affordable power efficiency equal to 60% is then expected for
a proper scaled architecture.
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Chapter 5
Magnetic Nozzle
The Magnetic Nozzle is the ending region of the Helicon Thruster. The plasma
flow exhausts inside the diverging Magnetic Nozzle increasing its velocity along
the flow streamline thanks to the power transfer between thermal and directed
kinetic energy. From this point of view the Magnetic Nozzle is the region where
the power stored into the plasma flow is converted into useful power to gain
thrust. The non dimensional physics of a Magnetic Nozzle is presented in the
first section. The physical model is derived from the model of a plasma in a
magnetic stream tube already introduced in Chapter 4. The power efficiency
of a Magnetic Nozzle is then discussed in the second section. The analysis
takes into account the influence of the profile of the magnetic streamlines and it
justifies the need of adding a dedicated MN-loop to the magnetic configuration.
Finally, the problem of the plasma detachment is reviewed in the third section.
5.1 Plasma model of the Magnetic Nozzle
5.1.1 The Isothermal Magnetic Nozzle
The plasma flow into a Magnetic Nozzle is often treated in literature as isother-
mal [1, 43, 24]. In the most cases, the authors justify the choice by means of
empirical results which would suggest an isothermal thermal behavior of the
plasma. The electron thermalisation would be due to the particle collisions
which are thought to be unimportant from the point of view of the derivation
of the momentum equations while they are the leading factor in determining
the thermal equation of the plasma flow. This is the same approach employed
in the present Thesis to derive the momentum and thermal equations of the
plasma flow inside the Magnetic Shield. The approach is appropriate because
the Magnetic Shield and the Plasma Source are so strictly coupled that the
electromagnetic ionization generated by the RF Antenna should, in a measure,
surely extends even inside the plasma volume of the Magnetic Shield.
One of the most interesting physical model treating the isothermal Magnetic
Nozzles was formulated by Ahedo [1]. Ahedo approaches the numerical problem
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by means of to the Method of Characteristics largely employed in solving super-
sonic neutrals fluids [49]. The ideal plasma approximation into an axisymmet-
ric magnetic field enhances Ahedo with the possibility of deriving three plasma
equations: from the first two equations one can express the local approximation
of the Mach lines through the point, while the third equation determines the
local approximation of the ions streamline. The initial conditions are imposed
on a sufficiently large number of point on the throat of the Magnetic Nozzle.
From them it is possible to derive both the local Mach and ions streamlines for
any point of the throat. The electric field together with both the axial and ra-
dial velocities are then evaluated in every intersection point between consecutive
Mach lines thanks to the plasma equations. The approximated Mach an ions
streamlines are finally evaluated from the intersection points and the procedure
is repeated iteratively until the detachment conditions are reached. The ions
dynamics is separated from the electron dynamics because Ahedo supposes non
neglettable ions azimuthal velocity, so that the ions flow streamlines diverges
from the magnetic streamlines while the electrons are still perfectly magnetized;
the model proposed by Ahedo is then able to describe a partially magnetized
plasma.
The isothermal Magnetic Nozzle is a physical approximation employed even
by other authors apart from Ahedo [24]. Nevertheless, in the present Thesis the
isothermal approach is rejected in the derivation of the momentum and ther-
mal equations for a Magnetic Nozzle. The designer should indeed prevent the
RF Antenna to energize the plasma flow exhausting from the Plasma Source.
At the contrary, a well designed RF Antenna should ionize and energize the
plasma flow only inside the Plasma Source to get the larger equilibrium tem-
perature so that to reduce the power losses due to ionization inside the Plasma
Source. Moreover, the possibility of deriving the power efficiency of both the
Plasma Source and the Magnetic Nozzle by means of independent analysis is
a fundamental assumption of the present Thesis. The strong power coupling
between the Plasma Source and an isothermal Magnetic Nozzle would invali-
date the previous assumption (the argument is justified in the subsection 5.2.2).
Finally, one can find empirical evidence that the exhausting flow inside a Mag-
netic Nozzle behaves as an adiabatic plasma in certain applications [35, 36]. It
is then possible to design a Plasma Source so that the RF Antenna deposits the
electromagnetic power only inside the Plasma Source. We consider the Plasma
Sources employed in these applications to be properly designed.
5.1.2 The adiabatic Magnetic Nozzle
It is possible to modify the Method of characteristics employed by Ahedo in
the case of an adiabatic Magnetic Nozzle. In this case the thermal equation
is added as a fourth equation to the system of three equations. For any point
is then found a fourth characteristic line which spreads the thermal conditions
downstream. Nevertheless, the Method of characteristics is not employed in
the present Thesis. The plasma model of the Magnetic Nozzle here analyzed is
instead a derivation of the model of plasma flow into a magnetic tube already
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presented in the first subsection of Chapter 4. While in the previous Chapter
the model was derived in the case of isothermal plasma flow, the hypothesis of
adiabatic plasma flow is assumed in the present Chapter. The plasma model
into a magnetic tube is not able to describe a partially magnetized plasma as
the Method of characteristic is, but its numerical weight is much lighter and it
is thus possible to analyze a large variety of different magnetic and geometrical
configurations.
If we consider the plasma flow into the Magnetic Nozzle to be adiabatic,
there are evident discrepancies with the plasma condition in the Plasma Source
where we made the hypothesis of an isothermal plasma. The main discrepancy
between an adiabatic Magnetic Nozzle and an isothermal Plasma Source regards
the definition of the plasma acoustic speed
cs =


KTe
mi
 1=2
because in an isothermal plasma  = 1, while in an adiabatic plasma  = 53 .
If the flow exhausting from the Plasma Source directly enters the Magnetic
Nozzle, the change in the acoustic speed with the same plasma velocity would
generate a discontinuity in the Mach number of the plasma flow. In partic-
ular, if the plasma flow is sonic at the exit of the Plasma Source, given that
cs; adiabatic > cs; isothermal the Mach number at the throat of the Magnetic Noz-
zle would be subsonic so that the plasma expansion into the Magnetic Nozzle
would be subsonic too, contrary at any experimental evidence. At the same
time, if we impose the Mach number at the throat of the Magnetic Nozzle to
be sonic, the plasma exhausting from the Plasma Source would be supersonic
which is a physical impossible condition. In the present plasma model the dis-
crepancy is solved by defining an artificial region between the Plasma Source
and the Magnetic Nozzle where the  parameter gradually increases from 1 to
5
3 . The plasma properties at the throat of the Magnetic Nozzle are then found
by imposing both the conservation of the mass flow rate and the conservation
of the power flux with respect to the plasma condition at the exit of the Plasma
Source. Moreover, we suppose that the radial profile of the particle density is
the same as in the Plasma Source and that the axial velocity of ions remains ra-
dially uniform along the artificial region. The plasma equations in the artificial
region are
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from which one can easily derive
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From the previous equations one can finally derive the expressions of both
the adiabatic temperature and the particles density at the center of the throat
of the Magnetic Nozzle
TeA =
9
10
TeI
n0A = n0I

2
3
1=2
The plasma axial velocity is then evaluated from the definition of the plasma
acoustic speed. The artificial region is not a real region one can allocate inside
the Helicon Thruster. It simply enhance the coherence between an isothermal
Plasma Source and an adiabatic Magnetic Nozzle. There is no power efficiency
parameter associated to the artificial region because for the hypothesis of power
conservation .
Now that the coherence of the boundary between the Plasma Source and
the Magnetic Nozzle had been reestablished, we can derive the plasma model
describing a plasma flow inside a magnetic tube. In the case of an adiabatic
flows, the equations of the plasma dynamics inside a magnetic tube have to be
derived again. Fortunately, the equation (4.9)
nui = Fi ( )B
and the equation (4.18)
e+mi
u2i
2
=  Hi ( )
describe the mass conservation and the ions energy equation even in the case
of an adiabatic flow. In fact, the adiabatic thermal equation (4.12)
Te = Te00

n
n00
 1
e( 1)s
is not employed in the derivation of equations (4.9) and (4.18). The thermal
equation can be rewritten as
Te = Te0

n
n0
 1
(5.1)
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where Te0 and n0 are defined on the reference cross section which, in the
case of the Magnetic Nozzle, is the throat cross section. Te0 = Te (r0) = TeA
is uniform along the reference cross section, while n0 = ne (r0) = n0AJ0 (a0r^).
The equation (5.1) expresses an isentropic plasma transformation along the flow
streamline as one would expect from an adiabatic Magnetic Nozzle. One can
thus express the entropy of the flow streamlines as
s ( ) = s (r0) =   ln [J0 (a0r^)] (5.2)
The thermal equation (5.1) strongly affects the expression of the electron
energy equation. The electron continuity equation is indeed
nue = Fe ( )B+ nue^
while the electron momentum equation (4.5) is
0 =   1
n
r (nKTe) + er  euer 
The first term of the upper equation can be rewritten as
  1
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so that the electron momentum equation becomes
eue +KTe
ds
d 

r =  r


   1KTe   e

(5.3)
As it was done in the case of an isothermal plasma, from the previous equa-
tion one can derive that the argument of the right side gradient is constant along
the same streamline, that is

   1KTe   e =  He ( ) (5.4)
From the left side of equation (5.3) it is also possible to derive the expression
of the electron azimuthal velocity
ue =
r
e

dHe
d 
 KTe ds
d 

(5.5)
thanks to which one could express the azimuthal current inside the Magnetic
Nozzle
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j =  neue^ =  nr

dHe
d 
 KTe ds
d 

^ (5.6)
Putting together equations (4.18) and (5.4) one can finally derive the total
energy equation

   1KTe0A

n
n0
 1
+mi
F 2i B
2
2n2
+He +Hi = 0
Making use of the relations
Fi ( ) =
n0 ( )ui0 ( )
B0 ( )
; He +Hi =   
   1KTe0A  mi
u2i0
2
the final expression of the energy equation of the plasma flow inside an
adiabatic Magnetic Nozzle is
2
   1
 
~n 1   1+ ~n 2 ~B2   1 = 0 (5.7)
where ~n and ~B are defined in Chapter 4. The equation (5.7) is thus a total
energy equation in the variable ~n as a function of ~B which can be numerically
solved. Thanks to equation (4.9), one can then evaluate the ions axial velocity
as
uzi = ui cos

arctan

Br
Bz

= cs0
~B
~n
cosz (5.8)
where z = arctan

Br
Bz

. Finally, the power efficiency of the magnetic nozzle
can be derived depending on the axial coordinate as
N =
Pzi
PS
=
 RV (z)
0
min (r; z)u
3
zi (r; z) rdr
2
 R
0
n0 (r0)uzi0 (r0)

1
2min0 (r0)u
2
zi0 (r0) +
5
2KTe

rdr
(5.9)
The numerical calculations are executed thanks to the MN_SOLVE code.
Firstly, the radial profile of the outer magnetic streamline is derived thanks
to the definition of the magnetic streamfunction; the axial coordinate of the
turning point is thus located. Then the code evaluate the total kinetic power of
ions and the directed kinetic power of ions for several axial coordinate thanks
to numerical integrals. The axial profile of the power efficiency of the Magnetic
Nozzle is finally evaluated together with other quantities of interest (such as the
divergence efficiency or the power transfer efficiency described in the following
section).
In the following section the power efficiency of a Magnetic Nozzle is derived in
the case of magnetic streamlines generated by different magnetic configurations.
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5.2 Power Efficiency of the Magnetic Nozzle
To solve the equation (5.7) the function ~B = ~B [r0 (r; z) ; z] must be defined.
Moreover, the designer needs to define the ratio BrBz in any point of the Magnetic
Nozzle to evaluate the axial component of the ions velocity as suggested by
equation (5.8). The magnetic field is defined once the magnetic configuration is
set in such a way to obtain a diverging magnetic tube. In the present section
three magnetic configurations are examined: the magnetic tube generated by the
solenoid of the Plasma Source, the magnetic tube generated by a dedicated MN-
loop and the magnetic tube generated by the superposition of the two previous
cases. The first configuration is demonstrated to be insufficient to generate
an appropriate power efficiency. The second case on the other hand is able to
provide a large power efficiency depending only on the non-dimensional radius
of the MN-loop. The third configuration is analyzed to justify the hypothesis
of independence between the Plasma Source and the power efficiency of the
Magnetic Nozzle.
Three non-dimensional parameters of efficiency are evaluated for any mag-
netic configuration.
The first efficiency parameter, div, is the divergence efficiency
div =
Pzi
Pi
which accounts for the power losses due to the divergence of the plasma
flow into the magnetic nozzle. In the ideal model div = 1 at the throat of the
Magnetic Nozzle because the magnetic field is assumed to be purely axial. In
the numerical solution of the solenoid there is a slight divergence of the magnetic
streamlines even in the throat cross section because the numerical code makes
use of a magnetic field more similar to a real magnetic field, where the divergence
of the magnetic streamlines starts before the ending section of the solenoid itself.
The second efficiency parameter, tra, is the power transfer efficiency
tra =
Pi
PS
and it accounts for the power transfer between thermal power stored in the
plasma flow and total ions kinetic power. One could expect that the power
transfer efficiency at the throat to be zero because there was no expansion yet.
Nevertheless, the transfer power efficiency takes into account the power transfer
in the Plasma Source too, so that the transfer efficiency at the throat is
tra; th =
1
2mic
2
s; th
1
2mic
2
s; th +
5
2KTe
=

 + 5
In the case of adiabatic Magnetic Nozzle  = 53 and tra; th = 25%, while in
the case of a isothermal Magnetic Nozzle would be  = 1 and tra; th ' 17%.
The power efficiency of the Magnetic Nozzle is the third efficiency parameter
analyzed in the following subsections
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N =
Pzi
PS
= divtra
and it describes the general performance of the Magnetic Nozzle. If we attest
the power efficiency of the Plasma Source to be nearly 60%, one should reach
a power efficiency of 80% for the Magnetic Nozzle to get a power efficiency of
the Helicon Thruster of about 50%. The feasibility of this result enhances the
concept of Helicon Thrusters to be an interesting alternative to other types of
electric thrusters.
5.2.1 Magnetic Nozzle generated by the solenoid of the
Plasma Source
As was anticipated in Chapter 2, one can obtain a proper Magnetic Nozzle
thanks to the exhausting magnetic field of the equivalent solenoid in the Plasma
Source. The numerical expression of the local magnetic field is given by the su-
perposition of a sufficiently high number of current loops allocated along the
Plasma Source so that to simulate the field generated by a solenoid. The mag-
netic field generated on-axis by any single current loop is numerically derived so
that the mean value of the on-axis magnetic field density along the length of the
Plasma Source is equal to the uniform magnetic field density inside the Plasma
Source. The respective magnetic streamfunction is then given numerically by
 S (r^; z^) =
NX
i=1
 Si

r^;

z^ +
iL
N

where N is the total number of currents loops numerically composing the
solenoid, L is the length of the Plasma Source and  Si is the magnetic stream-
function generated by the single current loop composing the solenoid. From the
definition of the magnetic streamfunction for a current loop [1]
 Si (r^; z^) =
R2B0S
2
S
q
(S + r^)
2
+ z^2
 
2  k2K  k2  2E  k2
where B0S is the magnetic field generated by the current loop at the cen-
ter of the section of the Plasma Source, S = R=RS, RS is the radius of the
solenoid, while K, E and k were already defined in Chapter 4. The currents
loops composing the numerical solenoid have the same radius and generate the
same magnetic field density at the center of the cross section. The magnetic
streamlines are defined from the equations
 S (r^; z^)   S (1; 0) = 0
where  S (1; 0) is the magnetic streamfunction corresponding to the outer
edge of the Magnetic Nozzle. In the previous equation B0S is only a multiplica-
tive terms of no influence in the zero-finding procedure, so that the solution
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Figure 5.1: Magnetic streamlines inside the Plasma Source generated by the
solenoid. The exit surface of the Plasma Source is at z^ = 0.
of the previous equation is unique once S is fixed. In the present Thesis a
convenient value of S = 1:1 is always assumed.
A representation of the magnetic streamlines inside and outside the Plasma
Source is shown in figure 5.1. Inside the Plasma Source the numerically de-
termined magnetic streamlines are a sufficient approximation of the magnetic
field of an ideal solenoid except in the region between 0:9  r^  1 where the
discretization of the current loops generates a non-ideal waving pattern of the
magnetic streamline. This non-ideal behavior of the magnetic streamlines is
unimportant from the point of view of the magnetic streamlines composing the
Magnetic Nozzle because figure 5.2 shows a regular pattern the outer magnetic
streamlines.
In figure 5.2 the outer magnetic streamline is stressed with dashed red lines.
The turning point of the outer magnetic streamline is way too close to the exit of
the Plasma Source. The expansion ratio of a Magnetic Nozzle composed only by
the magnetic streamlines exhausting from the Plasma Source is thus expected
to be insufficient to obtain a proper power transfer to directed kinetic power.
To confirm this expectation the physics of the Magnetic Nozzle is numerically
solved and the results are shown in figures 5.3-5.5. The weaving pattern of
these plots is due to numerical inaccuracies in determining the outer magnetic
streamline in the region close to the throat of the Magnetic Nozzle. Nether ~B
and z depends on the magnetic field density generated by the solenoid so that
the solution only depends on the geometry of the solenoid. Nevertheless, the
aspect ratio of the solenoid only slightly affects the solution. The validity of the
137
Figure 5.2: Magnetic streamlines generated by the solenoid outside the Plasma
Source. The outer magnetic streamline is the red and black dashed line.
numerical solution is thus extended to all the solenoid with the same value of S
(this ratio is equal to 1.1 in the present analysis). The divergence increases with
the axial coordinate but is not sufficiently low to decrease the power efficiency of
the Magnetic Nozzle as it happens in the case of the Magnetic Nozzle generated
by a MN-loop. Here, the turning point is so close to the throat that the plasma
flow can not reach a sufficiently high power transfer and N is only slightly
larger than the value it assumed at the throat of the Magnetic Nozzle: a power
efficiency of 35% is way too small to be an acceptable result in terms of the
power efficiency of a Helicon Thruster. A dedicated MN-loop has thus to be
added to the magnetic configuration to reach the wanted performance.
5.2.2 Magnetic Nozzle generated by a dedicated MN-loop
To obtain a large power efficiency of the Magnetic Nozzle, a dedicated MN-
loop is added on the exit surface. In this subsection the case of a Magnetic
Nozzle only composed by the magnetic field generated by a MN-loop alone is
taken into consideration; the effect of superposition with the present magnetic
configuration and the magnetic field of the solenoid on the Plasma Source is
treated in the following subsection. In this case the axial distance between
the throat and the turning point of the Magnetic Nozzle is sufficiently large
to guarantee a high expansion ratio so that to predict a large power efficiency
of the Magnetic Nozzle. The magnetic streamfunction corresponding to this
magnetic configurations is given by
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Figure 5.3: Divergence efficiency of the Magnetic Nozzle generated by the
solenoid. The lines are plotted as a function of the the axial coordinate (zend
is the axial distance between the throat and the turning point of the outer
magnetic streamline)
Figure 5.4: Power transfer efficiency of the Magnetic Nozzle generated by the
solenoid. The lines are plotted as a function of the the axial coordinate.
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Figure 5.5: Power efficiency of the Magnetic Nozzle generated by the solenoid.
The lines are plotted as a function of the the axial coordinate.
 L =
R2B0L
2
L
q
(L + r^)
2
+ z^2
 
2  k2K  k2  2E  k2
where L = RL=R and RL is the radius of the MN-loop. Once again, the
magnetic streamlines are given by the solution of the equation
 L (r^; z^)   L (1; 0) = 0 (5.10)
which is determined once the value of L is fixed. The outer magnetic
streamlines are shown in figure 5.6 for the case of L = 3:5 (short nozzle) and
L = 5:4 (long nozzle); the two Magnetic Nozzles are the same already analyzed
by Ahedo in the case of isothermal Magnetic Nozzles [1]. The larger the value
of L is, the larger is the expansion ratio of the Magnetic Nozzle; we thus
expect a larger tra in the case of a long Magnetic Nozzle. On the other hand,
the shape of the outer magnetic streamlines is very close in the two Magnetic
Nozzle; we thus expect a comparable value of div. The shape of the magnetic
streamlines does not depend on the value of B0L which is only a multiplicative
factor in both the terms of the equation (5.10). This result could lead to the
false hope that one could achieve large expansion ratio with an arbitrarily small
magnetic field density as long as L is sufficiently large. Unfortunately this
conclusion is incorrect for three reason. In the first place, the magnetic field
density inside the Magnetic Nozzle has to be sufficiently strong to magnetize
the ions. The present model analyzes the case of zero azimuthal velocity of
the ions but this is only the model approximation of the physical case where
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the azimuthal velocity of the ions is small compared with the plasma acoustic
speed. From the definition of the Larmor Number and in the case of Argon
propellant then a magnetic field density smaller than 10 mT at the center of
the throat would probably demagnetize the ions in the whole Magnetic Nozzle.
In the second place, the magnetic field generated by the MN-loop has to be
much larger than the magnetic field induced by the azimuthal current. From
the definition of the  parameter a magnetic field density smaller than 50 mT
at the throat could be comparable to induced magnetic field, so altering the
shape of the magnetic streamlines composing the Magnetic Nozzle with respect
to the design ones. In the third place, a real Magnetic Nozzle is composed by
the superposition of the magnetic fields generated by both the MN-loop BL and
the solenoid of the Plasma Source BS . If BL is too small then the shape of
the Magnetic Nozzle is determined by the magnetic streamlines of BS to which
corresponds a small expansion ratio and a small N . The influence of BS in the
value of N is treated in the following subsection, while in the present subsection
only the effect of the MN-loop is analyzed.
The results of the numerical analysis of the Magnetic Nozzle are shown
in figures 5.7-5.12 for the two different Magnetic Nozzles. The efficiency are
plotted as a function of the non-dimensional axial coordinate defined as the
ratio between the axial coordinate z and the axial distance between the throat
and the turning point of the outer magnetic streamline zend. The results are
compared to the efficiencies in the case of a Magnetic Nozzle corresponding to
the BS only.
Both the Magnetic Nozzles are able to reach high values of tra. As one
should expect, figure 5.8 confirms that the power transfer merely depends on
the expansion ratio because both Magnetic Nozzles shows comparable tra at
the same radial expansion. Contrary to what one could expect, the maximum
value of tra in the case of a long Magnetic Nozzle is only slighter larger than
the value of tra in the case of a short Magnetic Nozzle. There is no convenience
from the point of view of power transfer in increasing the length of the Magnetic
Nozzle after a certain value.
This result is deeply different from the isothermal solution already solved
by Ahedo. The difference between the two models is due to the fact that in
an adiabatic Magnetic Nozzle the total power inside the flow is constant and
only power transfer between thermal and ions kinetic power is allowed: the
more the flow expands the more difficult is the power transfer to happens.
Theoretically only an infinite expansion ratio would grantee a complete power
transfer. On the other hand, in the isothermal case the flow acquires neat power
during the expansion because the electron temperature is constant while the ions
accelerate. This means that the longer the Magnetic Nozzle is, the larger is the
ions kinetic power. The neat power acquired by the flow can only derive from
the RF Antenna, but then the isothermal model proposed by Ahedo is clearly
not consistent anymore with the plasma model of the Plasma Source proposed
by Ahedo himself. The solution of the ions kinetic power derived from the
isothermal model by Ahedo is plotted in figure 5.9, where Pi0 is the ions kinetic
power at the throat of the Magnetic Nozzle. Supposing the plasma detachment
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Figure 5.6: Outer magnetic streamlines generated by the MN-loop in the cases
of short and long Magnetic Nozzle
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to happens at R^v = R^v, then the ions kinetic power is
Pi = Pi0

Pi
Pi0

R^v
In an isothermal plasma at sonic conditions Pi0 = 12
_m
mi
KTe. On the other
hand, the thermal power of the plasma flux Pth;MN is constant along the Mag-
netic Nozzle because we supposed an isothermal plasma with constant mass flow
rate. In the case of high propellant utilization inside the Plasma Source, the
total power at the exit of the Magnetic Nozzle is thus
PE;MN = Pi0 + Pth;MN ' 1
2
_m
mi
KTe
"
Pi
Pi0

R^v
+ 5
#
The equation only depends on the equilibrium electron temperature of the
Plasma Source once both the geometry of the Magnetic Nozzle and the detach-
ment point are fixed. Then the power balance equation of the Plasma Source
(3.58) should be replaced by a power balance of the Helicon Thruster defined as
PRF =

V
_PRF dV = PE;MN + PA + PW + Pion = Ptot
The plasma model of an isothermal Magnetic Nozzle is thus strongly coupled
with both the plasma model of the Plasma Source and the exact point of de-
tachment. In the case of an adiabatic Magnetic Nozzle, on the other hand, it is
always possible to separately analyze the power efficiency of the Plasma Source
from the power balance equation (3.58) (or from the equation (4.26) in the case
of an axially shielded Plasma Source) and then evaluate the power efficiency of
the Magnetic Nozzle as a function of the point of detachment.
While tra is almost constant after a certain radius of the outer magnetic
streamline is reached, the div decreases almost linearly as a function of the
axial coordinate. This implies that eventually the divergence could becomes
so large that the kinetic power directed along the axial coordinate decreases
with further expansion. In the case of an isothermal Magnetic Nozzle the axial
increase of the total flow power is large enough to guarantee a monotonically
increasing N along the whole Magnetic Nozzle. On the other hand, in the case
of an adiabatic Magnetic Nozzle the total power of the flow is constant and tra
reaches an asymptotic trend even at low divergences. There is a maximum value
of N in the adiabatic Magnetic Nozzle as it is confirmed by the numerical results
in figure 5.12. The designer should beware of make the plasma detach in the
proximity of the axial coordinate corresponding to the larger power efficiency.
The Thesis does not inquire into the possibility of inducing a precise detachment
for any Magnetic Nozzle and it leaves to some future research the duty to pursue
such an inquire.
From figure 5.10 we see that there is only a slightly difference between the
values of div at the same non-dimensional axial coordinate. Nevertheless, the
larger L is, the larger is div at the same R^v as one can see in figure 5.11. From
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Figure 5.7: Power transfer efficiency of the Magnetic Nozzle generated by the
MN-loop. The lines are plotted as a function of the the axial coordinate.
Figure 5.8: Divergence efficiency of the Magnetic Nozzle generated by the
solenoid. The lines are plotted as a function of the local radius of the outer
magnetic streamline.
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Figure 5.9: Increase of the kinetic power of the plasma flux as a function of the
local radius of the outer magnetic streamline. Pi0 is the kinetic power of the
flux at the throat.
figure 5.8 we saw that the power transfer is the same between the two Magnetic
Nozzles at the same R^v, so that N is larger the larger is L. As a conclusion,
L is the only non-dimensional parameter determining the power efficiency of
a Magnetic Nozzle generated by an MN-loop: the larger L is, the larger is the
maximum value of N . On the other hand, if the detachment happens after the
axial coordinate corresponding to the maximum N , the difference between the
power efficiency of a long and short Magnetic Nozzle tends to decreases until it
is canceled if the plasma flow detaches in the proximity of the turning point.
5.2.3 Magnetic Nozzle generated by the superposition of
a solenoid and a dedicated MN-loop
The Magnetic Nozzles generated by a MN-loop were proved to guarantee large
N with increasing maximum values while increasing L. When the MN-loop
is applied at the exit of a real Plasma Source the resulting Magnetic Nozzle
is given by the superpositions of the magnetic field generated by the MN-loop
and the solenoid of the Plasma Source. As anticipated, the power efficiency of
such a Magnetic Nozzle is not equal to the power efficiency obtained from the
MN-loop alone. The rapid divergence of the magnetic field generated by the
solenoid modifies the geometry of the Magnetic Nozzle as one can see in figure
5.13 in the case L = 3:5. The profile at BS = 0 corresponds to the ideal case of
a Magnetic Nozzle composed by the magnetic field generated by the MN-loop
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Figure 5.10: Divergence efficiency of the Magnetic Nozzle generated by the
MN-loop. The lines are plotted as a function of the the axial coordinate.
Figure 5.11: Divergence efficiency of the Magnetic Nozzle generated by the MN-
loop. The lines are plotted as a function of the local radius of the outer magnetic
streamline.
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Figure 5.12: Power efficiency of the Magnetic Nozzle generated by the MN-loop.
The lines are plotted as a function of the the axial coordinate.
alone. MN is the ratio between the magnetic field density generated by the
MN-loop at the center of the throat and the magnetic field density inside the
Plasma Source: the magnetic filed generated by the solenoid then lowers the
expansion ratio and it makes the turning point of the Magnetic Nozzle nearer
to the throat. We thus expect the power efficiency of the Magnetic Nozzle to
worsen with respect to the case BS = 0.
The numerical results of the two Magnetic Nozzles with L = 3:5 and
L = 5:4 are shown in figures 5.14 and 5.15. As it was expected, the smaller
MN is , the larger is the influence of the magnetic field generated by the
solenoid in determining the shape of the Magnetic Nozzle and so the larger is
the discrepancy of the solution in the case BS = 0. Both the cases of L = 3:5
and L = 5:4 confirm the worsening trend with increasing MN . In the present
Thesis it is not derived a scaling law from which precisely predict how much
N worsen as a function of MN and L. Nevertheless, in figure 5.16 the ratio
between N;max in the case of finite MN and N;max in the case of BS = 0 is
plotted as a function of MN for both the short and the long Magnetic Nozzles.
The solution does not strongly depend on L if MN is sufficiently large; the
divergence between the two solutions increases as MN tends to zero. Depend-
ing of MN and L is then possible to obtain a large range of values of power
efficiency.
The numerical analysis of figure 5.16 can not be carried out for value of
MN < 0:1 because in both cases of long and short real Magnetic Nozzles the
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Figure 5.13: Outer magnetic streamlines generated by the MN-loop (BS = 0)
and by the superposition of the effect of the solenoid and the MN-loop (in the
case MN = 0:5)
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Figure 5.14: Power efficiency of several real short Magnetic Nozzles
Figure 5.15: Power efficiency of several real long Magnetic Nozzles
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Figure 5.16: Ratio between the power efficiency of a real Magnetic Nozzle and
the power efficiency of the Magnetic Nozzle generated by the MN-loop alone.
solenoid generates a complicated profile of the outer magnetic streamline. In
figure 5.17 the radial profile of the outer magnetic streamline is shown in the case
of a real long magnetic Nozzle with MN = 0:075. The strong magnetic field
density generated by the solenoid induces a first turning point near the throat
of the Magnetic Nozzle. The magnetic streamline thus flows backwards until a
second turning point is reached. The streamline does not intersect the throat
cross section and the Magnetic Nozzle can then proceeds again in the forward
direction until the third turning point is reached; this last turning point is not
shown in figure 5.17 but it corresponds to the real turning point of the Magnetic
Nozzle determining the back flow of plasma to the spacecraft. The MN_SOLVE
is not able to process such a radial profile of the outer magnetic streamfunction.
Moreover, the plasma could detach in the proximity of the first turning point
because of the strong gradient of the magnetic filed (as it is explained in the
last section of the present Chapter dedicated to the detachment of the plasma
flow). Even if MN_SOLVE would be able to process this more complicated
radial profile, the physical model would be inconsistent if a detailed description
of the plasma physics of detachment is not included in the code. The numerical
analysis is thus limited to the case where BN near the throat is sufficiently
strong with respect to the real BS at the throat so that to generate a turning
point only. This happens only when MN  0:1 for both the real short and long
Magnetic Nozzle.
To obtain a power efficiency of the Helicon Thruster of 50% employing an
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Figure 5.17: Outer magnetic streamline in the case of a low value of MN (the
profile is plotted for MN = 0:05). The first and the second turning point are
encircled by red dashed circles. The third turning point is not shown in the
figure.
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axially shielded Plasma Source with reasonable MS , N  80% is needed. A
short Magnetic Nozzle obtains N ' 80% only when MN  2, while for a long
Magnetic Nozzle N ' 80% when MN = 0:1, which is 20 times smaller then the
value obtained for a short Magnetic Nozzle. The magnetic budget required to
generate the magnetic field in the case of a long Magnetic Nozzle is then probably
way lighter than the one needed in the case of a short Magnetic Nozzle. More
appropriate considerations about the magnetic budget of a Magnetic Nozzle are
provided in section 6.2.
5.3 Thrust profile and Plasma flow detachment
The Magnetic Nozzle enables the power transfer between thermal power to
directed ions kinetic power. The power transfer then accelerates the ions so
that to gain thrust. The Magnetic Nozzle acts like a thermoelectric device from
the thrust power transfer view in both the isothermal Magnetic Nozzle [1] and
in the adiabatic Magnetic Nozzle here presented. On the other hand, from the
point of view of momentum increase the thrust at any axial cross section can
be evaluated as
T (z) =
 Rv(z)
0
2n

1
2
u2z +KTe

rdr (5.11)
once the mechanical and thermal problem is solved for the Magnetic Nozzle.
Combining the axial momentum equations of ions and electrons the electric
field term disappears and the thrust gained at a generic cross section can be
written as the sum of a term depending on the local electron pressure and a
term depending on the volumetric integration of the Lorentz force acting inside
the plasma volume between the throat and the considered cross section [1].
These two contributions are named by Ahedo respectively as the electrothermal
and the Hall components in the acceleration mechanism of the ions. In the
case of an isothermal Magnetic Nozzle the ions mainly accelerate thanks to the
Hall component: the Hall component acts on the electrons which transfer the
momentum to ions by means of an ambipolar electric field. The thermoelectric
component is found to be neglettable with respect to the Hall component. The
isothermal Magnetic Nozzle is thus a electromagnetic device from the point of
view of the thrust gain during plasma expansion. The present Thesis does not
inquire the different weight in the thrust gain of the electrothermal and Hall
component in the case of an adiabatic Magnetic Nozzle, although a comparable
behavior is expected with respect to the thrust mechanism of an isothermal
Magnetic Nozzle. This conjecture has to be both theoretically and numerically
justified in dedicated future researches.
Even though the single component of the thrust inside an adiabatic Magnetic
Nozzle are not numerically determined in the present Thesis, it is possible to
compare the axial profile of thrust with the result obtain by Ahedo employing
equation (5.11). The axial thrust profile of an isothermal Magnetic Nozzle
found by Ahedo [1] is plotted in figure 5.18. According to the numerical results,
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Figure 5.18: Increase of the non-dimensional thrust obtained by Ahedo in the
case of a long isothermal Magnetic Nozzle [1]. The non-dimensional thrust is
plotted as a function of the local radius of the outer magnetic streamline.
nearly the 50% of the thrust gained into a Helicon Thruster is generated inside
the Magnetic Nozzle while the remaining 50% is generated inside the Plasma
Source thanks to electrothermal acceleration of ions. In the case of an adiabatic
Magnetic Nozzle a comparable result is expected. In figure 5.19 the numerical
evaluation of the axial thrust profile is proposed in the case of a real Magnetic
Nozzle with L = 5:4 and MN = 0:1. With respect to the case of an isothermal
Magnetic Nozzle, the thrust profile of an adiabatic Magnetic Nozzle shows a
maximum value at an axial coordinate corresponding to the maximum power
efficiency. This is an expected result from the differences in the power transfer
mechanism between the the isothermal and the adiabatic Magnetic Nozzles. To
obtain the larger thrust at the same operative conditions of mass flow rate and
RF power, the designer has to induce the plasma flow to detach before it reaches
the turning point.
The detachment of the plasma flow is a controversial topic far to be solved
by systematic model. Many detachment mechanism had been proposed in liter-
ature in the past years. Cohen suggested that the plasma flow inside a Magnetic
Nozzle can neutralize itself through charges collisions if the electron tempera-
ture sufficiently decreases along the exhaust plume [50]. Once a pair of particles
is neutralized, the newborn neutrals are not affected any more by the external
magnetic field and their trajectories become straight thanks to the particles
inertia. This model is unattractive from the point of view of an isothermal
Magnetic Nozzle because the electron temperature is uniform in the plasma vol-
ume while the particles density strongly decreases along the Magnetic Nozzle,
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Figure 5.19: Evolution of the non-dimensional thrust in the case of a adiabatic
real short Magnetic Nozzle (L = 3:5, MN = 0:5)
thus diminishing the recombination rate. In the case of an adiabatic Magnetic
Nozzle, however, the electron temperature decreases comparably with the par-
ticles density along the plasma flow. The recombination of charged particles
then becomes an interesting possibility to induce the detachment of plasma in
an adiabatic Magnetic Nozzle.
Other detachment mechanisms proposed in the past publications are the
resistive detachment, the electron inertia detachment, the magnetic self-field
detachment and the hybrid inertia detachment. The resistive detachment pro-
posed by Moses suggests that the resistive cross field diffusion of electrons could
be the responsible of the plume detachment form a magnetic streamline. Little
[44] pointed out that in practical Magnetic Nozzles for applications in the space
propulsion the plasma has a sufficiently high temperature and a sufficiently
small particles density that the collisional terms can be largely neglected; the
resistivity of electrons is not able to determining a large scale effect as the de-
tachment of the whole plasma plume. At the same time, Hooper proposed the
plasma detachment to happens because of electron inertia diffusion which could
generate a strong component into the momentum equations even in the case of
a non-collisional plasma [42]. Nevertheless, Ahedo [43] demonstrated that any
diffusion mechanism (resistive or inertial) not only makes the plume diverge
rather than converge, but it is also not strong enough to cause the detachment
of the plasma flow. The model of magnetic self-field detachment was firstly
proposed by Areev and Breizman [51]; the authors claim that detachment will
occur thanks to induced azimuthal plasma currents which drag the magnetic
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field along with flow. Little approached numerically the evaluation of the ef-
fects of the induced magnetic field on the plasma flow into a Magnetic Nozzle
and found no evidence of the so claimed stretching of the magnetic streamlines
in the case of both low and moderate  parameter. Moreover, Ahedo pointed
out that in the case of a Magnetic Nozzle for propulsive applications the az-
imuthal currents are diamagnetic so that the induced magnetic field are only
able to increase the divergence of the magnetic streamlines. According to Ahedo
thus the magnetic self-field detachment is not able to efficiently explain the con-
vergent plasma detachment experimentally observed. To this end Little notes
that a positive thrust gain may still occur for plasma detachment mechanisms
that generate paramagnetic currents [44]. In the same publication the author
demonstrates how the inertial detachment can be seen as the demagnetization
of an hybrid particle with mass mime. The strong ions inertia and their par-
tial magnetization makes the ions separate from the magnetic streamlines and
the self-consistent electric field arising from charges separation would induce
the progressive demagnetization of the electrons. The detachment would occur
when
G 1=2j r^B^
B^
j  0:5 (5.12)
where G = e
2B2
mime
L2
U2 (L is the characteristic length of the problem while U is
the characteristic velocity of the plasma flow) is the demagnetization parameter
and B^ is the non dimensional magnetic field. On the other hand, Ahedo pro-
pose the plasma demagnetization and the electrostatic separation to possibly be
the main responsible for plasma detachment; the author leaves to some future
publication the duty to better justify and conform this intuition.
As was previously pointed out, an exhaustive and systematical model for
explaining plasma detachment had not be already proposed. Nevertheless, the
plasma detachment remains one of the most important physical mechanism to
understand in order to properly design a high performance Helicon Thruster. In
the case of an adiabatic Magnetic Nozzle, the plasma flow has to detach near the
axial coordinate of maximum power efficiency to guarantee high performance.
Moreover, if the plasma does not correctly detach the plasma plume (or at
least a part of it) follows the magnetic streamlines over their tuning point until
eventually it impinges into the surfaces of the spacecraft. In the case of an
isothermal Magnetic Nozzle, the axial coordinate of the plasma detachment is
even more important to be evaluated because it determines the total power the
RF Antenna has to provide to the plume to maintain the isothermal condition.
The equilibrium electron temperature in the Plasma Source can thus not be
derived without the coupling with a consistent detachment model. The equation
(5.12) suggests that the designer can obtain an advantageous plasma detachment
thanks to a proper design of the magnetic configuration of the Helicon Thruster.
This finally stresses one more time the importance of completely understand the
mechanism of physical interaction between the magnetic field and the plasma
flow to obtain large performance in a Helicon Thruster.
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Chapter 6
Improvement of the power
efficiency of a Helicon
Thruster
In Chapter 2 the problem of the low power efficiency in low power applications of
the Helicon Thruster was introduced. The interaction between the plasma flow
and an external magnetic field was proposed as a possible solution to increase
the power efficiency of the Helicon Thruster. The Helicon Thruster was thus
divided into three regions: the Plasma Source, the Magnetic Shield and the
Magnetic Nozzle. In Chapter 3 the physics of the Plasma Source was reviewed
from the model proposed by Ahedo [3]. The axial magnetic field inside the
Plasma Source was demonstrated to be critical in reducing the power losses to
the wall surface. Nevertheless, the ideal power efficiency of the Plasma Source
was upper bounded to 50% because of the axial symmetry of the boundary
conditions. In Chapter 4 a Magnetic Shield was added to the Plasma Source
to introduce axial asymmetry so reducing the power flux to the rear surface.
The physical model of an isothermal plasma flow inside a magnetic stream
tube was coupled to the model of the Plasma Source and the increase in power
efficiency of the Plasma Source was numerically evaluated for several magnetic
configurations. In Chapter 5 the physical model of an adiabatic plasma flow
inside a magnetic stream tube was employed to describe the plasma physics of a
Magnetic Nozzle. The power efficiency of the Magnetic Nozzle was numerically
derived and discussed for several magnetic configurations.
In the present Chapter the power efficiency of the Helicon Thruster HT
is finally discussed. In the first section HT is evaluated as a function of the
magnetic configurations. The need of employing both the Magnetic Shield and
the Magnetic Nozzle to obtain high values of HT is thus justified. In the second
section it is given a brief description of the magnetic budget needed in order to
satisfy the requirements on the power efficiency.
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6.1 Performance of the complete assembly
In the present section the results obtained in Chapters 3, 4 and 5 are connected
to evaluate the power efficiency of a whole Helicon Thruster. From the definition
of the power efficiency
HT = SN
where S takes into account the power efficiency of the Plasma Source in
both cases of axially shielded or non-axially shielded Plasma Source. The power
efficiency of the Magnetic Nozzle can be further subdivided as the product of
the power transfer efficiency and the divergence efficiency
N = tradiv
already defined in Chapter 5. In the general case, the values of the efficiencies
S , tra and div strongly depend upon both the topology of the magnetic field
streamlines and the local magnetic field density. A magnetic configuration is
defined once MS (the ratio between the magnetic field density generated by
the MS-loop at the center of the current loop and BS), L (the ratio between
the radius of the MN-loop and the radius of the Plasma Source R) and MN
(the ratio between the magnetic field density generated by the MN-loop at the
center of the throat and BS) are fixed. The generic magnetic configuration is
thus indicated as
(MS ; L; MN )
The magnetic configuration defines the geometry of the magnetic streamlines
inside the Helicon Thruster, while the magnetic field density inside the Plasma
Source is assumed to be a design parameter which can be advantageously scaled
according to the design requirements. The scaling laws derived in Chapters 3
and 4 are employed to evaluate the length and radius of the Plasma Source (L
and R), the magnetic field density inside the Plasma Source BS , the mass-flow
rate _m and input RF power PRF required in order to reach e certain value
of HT . For any magnetic configuration, several combinations o the design
parameters L, R, BS , _m, PRF are enlisted in proper tables. We refer to the
single combination as a scaled architecture.
In the following subsection several magnetic configurations are compared
in terms of power efficiency of the Helicon Thruster. A minimum value of
power efficiency of 40% is taken to be the discriminating factor between a low
performance Helicon Thruster and a high performance Helicon Thruster. The
possibility of increasing HT up to 50% is finally evaluated.
6.1.1 The non-axially shielded Plasma Source with no ded-
icated MN-loop
In the case of the state of the art configuration, the Helicon Thrusters consist
of a simple radially shielded Plasma Source. There is no magnetic mirror effect
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on the back of the Plasma Source, so that the power fluxes to both the rear
surface and the exit surface are almost equal for any operative condition of the
Plasma Source. Moreover, the Magnetic Nozzle is generated by the solenoid of
the Plasma Source alone. Thus the only magnetic configuration corresponding
at the state of the art is defined by MS = 0, L = 0 and MN = 0.
In the ideal condition of perfect radial magnetic shielding, the power losses
to the wall surface can be neglected. The equation (3.63) thus predicts that
the equilibrium electron temperature is the only parameter determining the
power efficiency of a Plasma Source in the ideal case. In the limit case of
infinite equilibrium electron temperature, S is 50%. From Chapter 5, the
power efficiency of a Magnetic Nozzle corresponding to L = 0 and MN = 0 is
only N = 35% because of both the low expansion ratio and the large divergence
of the magnetic streamlines. Then even in the more convenient case of no wall
losses and infinite Te the power efficiency of the present magnetic configuration
is only
HT = SN = 50%  35% ' 18%
which is a value too small to be acceptable given the requirement of HT 
40%. The main limit on the previous expression is given by N : even in the
case of S = 100%, a power efficiency of N = 35% generates a total power
efficiency of the Helicon Thruster lower than 40%. In the following subsections
a MN-loop is thus included into the magnetic configuration.
6.1.2 The non-axially shielded Plasma Source with dedi-
cated MN-loop
From the results of Chapter 5, a real Magnetic Nozzle consists in the superpo-
sition of the magnetic streamlines generated from the solenoid of the Plasma
Source and the MN-loop. The numerical analysis of the Magnetic Nozzle re-
veals a maximum value of N corresponding to the optimum accordance of a
low divergence of the magnetic streamlines and a high power transfer. The
maximum value N;max depends on both L and MN . The larger L is, the
lower is the divergence of the plume at the same expansion ratio. If we call
N;MN the maximum power efficiency of the Magnetic Nozzle generated by the
MN-loop alone, N;MN is thus larger the larger is L as one can see from fig-
ure 5.12. For the sake of simplicity, in the Thesis we only distinguish between
a long Magnetic Nozzle (L = 5:4) and a short Magnetic Nozzle (L = 3:5).
There is an infinite number of intermediate values of L the designer can select;
nevertheless, distinguishing between these two cases is sufficient to enlighten
the general characteristics of a Magnetic Nozzle with either large or low L.
For a long Magnetic Nozzle N;MN = 88%, while for a short Magnetic Nozzle
N;MN = 81%.
The influence of the magnetic field generated by the solenoid decreases N
for the same L. The exact value of N;max thus depends on both L and MN
in the case of a real Magnetic Nozzle. For a real long Magnetic Nozzle one
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BS 200 100 50 35 25
S 36% 35% 32% 28% 22%
Table 6.1: Valued of the power efficiency of the Plasma Source in the case of
the MRA for several values of the magnetic field density
can obtain 80%  N;max  87% for 0:1  MN  2, while for a real short
Magnetic Nozzle one can obtain 69%  N;max  79% for 0:1  MN  2.
If one assumes that N;max=N;MN only weakly depends on L (as figure 5.16
suggest for high values of MN ), then the designer can easily find different
combinations of L and MN which involve the same N;max. If we suppose
S = 50% (corresponding to the ideal case of neglettable wall and ionization
losses) then a minimum N;max = 80% is required to get HT = 40%. In the
case of a real long Magnetic Nozzle
N;max
N;MN
=
80%
88%
= 91%
which can be accomplished with MN = 0:1. In the case of a real short
Magnetic Nozzle
N;max
N;MN
=
80%
81%
= 98%
which can be accomplished only with MN  2.
Unfortunately, it is not possible to reach S = 50% in the case of a real non-
axially shielded Plasma Source. At feasible equilibrium temperature, the power
losses due to the ionization increase with decreasing Te; for an equilibrium tem-
perature of 25 eV, S is about 36% in the ideal case on no wall losses. Once the
wall losses are included into the power balance equation of the Plasma Source,
the influence of the magnetic field density becomes critical in determining the
power efficiency of the Plasma Source. In table 6.1 the power efficiency of the
Plasma Source is shown for several values of BS . One could obtain the same
value of S with lower BS thanks to a Scale-B scaling process, but a maximum
power efficiency of 36% is too small even in the case of power efficiency of the
magnetic nozzle of 100%.
To increase the power efficiency of a non-axially shielded Plasma Source
it is thus required to increase the equilibrium electron temperature. A Scale
Reference Architecture is then derived from the MRA (where BS = 100 mT). It
was previously shown that N;MN = 88% in the case of a long Magnetic Nozzle,
thus
S =
HT;min
N;MN
=
40%
88%
= 45%
For a short Magnetic Nozzle on the other hand N;MN = 80, so that the
designer can reach S = 40% only if S = 50% which is an impossible solution in
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real applications for non-axially shielded Plasma Source. Only a long Magnetic
Nozzle is thus able to reach the required value of S . From equations (3.102)-
(3.104) the equilibrium electron temperature required to obtain S = 45% is
derived from
& =
45%
36%
= 1:25
&P =
0:44
1:44  & = 2:3
&T = 1:44&P   0:44 = 2:9
The Scale-EtaT scaling mode secondary scales the RF input power as was
previously derived in Chapter 3. If the designer can not afford an increase in
PRF then he can employ a Scale-PB to decrease PRF at the desired level. If, for
example, the designer wants to bring the PRF back to its starting value with
constant power efficiency, from table 3.1
(&P )EtaT =

0:44
1:44  &
 1
= 0:43
(&L)EtaT =
"
0:44
1:44  &
 1# 1
= 2:31
(&M )EtaT =

0:44
1:44  &
 1
= 0:43
where we called (&j)EtaT the scaling of the j-th variable according to the
Scale-EtaT mode. There are infinite possibilities between the case of &P = 1
and &L = 1 according to the requirements of the design.
Finally, the designer could be interested in scaling BS . Depending on the
actual design of the magnetic assembly, reducing BS can reduce the associated
magnetic budget. The designer can employ a Scale-B scaling mode at constant
PRF and constant S imposing the wanted &B : If, for example, the designer is
interested in halving the magnetic field density inside the Plasma Source
(&B)B = 0:5
(&R)B = 0:5
 1 = 2
(&L)B = 0:5
 2 = 4
where we called (&j)B the scaling of the j-th variable according to the Scale-
EtaT mode. Again, there are infinite possibilities between the case of &B = 1
and &L = 1 according to the requirements of the design.
The trade-off between the increase of PRF and L and the decrease of BS is
thus the key factor in scaling the Plasma Source. In table 6.2 different scaled
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EtaT EtaT + B EtaT + PB EtaT + PB + B
&P 2.3 2.3 1 1
&L 1 4 2.3 9.1
&R 1 2 1 2
&M 1 1 0.43 0.43
&B 1 0.5 1 0.5
Table 6.2: Scaling factors for the combined scale of the Helicon Thruster with
non-axially shielded Plasma Source and ideal Magnetic Nozzle
architectures are defined by means of the scaling factors with respect to the
MRA. The increase in L is dangerously high, especially in the case where PRF
is lowered down to the reference value. In many cases of interest, it is not
possible to increase L of 10 times with respect to the reference value. For this
reason, the designer has to trade off between the increase in the length of the
Plasma Source, the increase in the input RF power and the decrease in the
magnetic field density inside the Plasma Source. In the examples we further
propose in this same section we impose a maximum &L = 4 and &P = 2 to be
representative of a possibly interesting scaled architecture.
Unfortunately, the result shown until now are Representative only of the case
of an ideal Magnetic Nozzle. We indeed supposed that N = N;MN , but, in
the case of a real Magnetic Nozzle, N;max < N;MN by a factor N;max=N;MN .
To evaluate the correct N = N;max the designer has to choice a proper value
of MN and then he evaluates N;max from figure 5.16. The required power
efficiency of the Plasma Source is evaluated from
S =
HT;min
N;max
Again, the designer can reach HT;min = 40% only by means of long Mag-
netic Nozzle. The generic magnetic configuration for a non-axially shielded real
Helicon Thruster is
(0; 5:4; MN )
The magnetic configuration is thus defined by the value of MN , which
represents the trade off between an efficient Magnetic Nozzle ad an efficient
Plasma Source. In table 6.3 the power efficiency scaling factor is shown as a
function of the imposedMN . The smaller the value of MN is, the smaller is
the corresponding N;max and the larger is thus S to obtain the same HT . In
tables 6.4 and 6.7 the parameters of several scaled architectures are enlisted for
each of the four magnetic configurations taken into consideration. The fourth
scaled architecture of each magnetic configuration is a combination of both the
Scale-B and the Scale-PB scaling modes where we choose as arbitrary trade-off
condition &P = 2 and &L = 4. The value of &B obtained in this last scaled archi-
tecture increases as MN decreases (that is, when S increases). Nevertheless,
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MN
N;max
N;MN
N;max S &
2 0.99 0.87 0.455 1.26
1 0.98 0.86 0.46 1.28
0.5 0.96 0.84 0.47 1.31
0.2 0.93 0.82 0.48 1.36
Table 6.3: Combinations of N;max and S corresponding to N = 40% in the
case of non-axially shielded Plasma Source
(0; 5:4; 2)
EtaT EtaT + B EtaT + PB EtaT + PB + B
&P 2.44 2.44 1 2
&L 1 4 2.44 4
&R 1 2 1 1.8
&M 1 1 0.41 0.82
&B 1 0.5 1 0.56
Table 6.4: Scaling factors for the scale of the Helicon Thruster with magnetic
configuration (0; 5:4; 2)
the magnetic budget estimation made in the next section shows how increasing
BS by lowering MN can be advantageous from the point of view of reducing
the required magnetic budget on-board.
A non-axially shielded Plasma Source is not able to employ a short Magnetic
Nozzle if the designer wants to reach at least HT = 40%. A large part of the
possible magnetic configurations are thus left out from the options available to
the designer. Moreover, it is not possible to reach HT = 50% in the case of
a non-axially shielded Plasma Source. To increase the power efficiency of the
Helicon Thruster it is thus needed to add a Magnetic Shield to the architecture
of the thruster. This option is analyzed in the next subsection. The architecture
composed by an axially shielded Plasma Source with no dedicated MN-loop is
not taken into consideration because of the very low power efficiency of the
Magnetic Nozzle generated by the solenoid of the Plasma Source.
6.1.3 The axially shielded Plasma Source with dedicated
MN
If a Magnetic Shield is added to the rear region of a Plasma Source, the ax-
ial asymmetry decreases the power flow to the rear surface. In Chapter 4 it
was demonstrated that the decrease in PA can be easily evaluated by means of
the parameter MS , which fixes the first number defining the generic magnetic
configuration (MS ; L; MN ). A Magnetic Shield increases the total magnetic
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(0; 5:4; 1)
EtaT EtaT + B EtaT + PB EtaT + PB + B
&P 2.75 2.75 1 2
&L 1 4 2.75 4
&R 1 2 1 1.7
&M 1 1 0.36 0.73
&B 1 0.5 1 0.59
Table 6.5: Scaling factors for the scale of the Helicon Thruster with magnetic
configuration (0; 5:4; 1)
(0; 5:4; 0:5)
EtaT EtaT + B EtaT + PB EtaT + PB + B
&P 3.38 3.38 1 2
&L 1 4 3.38 4
&R 1 2 1 1.55
&M 1 1 0.30 0.60
&B 1 0.5 1 0.65
Table 6.6: Scaling factors for the scale of the Helicon Thruster with magnetic
configuration (0; 5:4; 0:5)
(0; 5:4; 0:2)
EtaT EtaT + B EtaT + PB EtaT + PB + B
&P 5.50 5.50 1 2
&L 1 4 5.50 4
&R 1 2 1 1.2
&M 1 1 0.18 0.36
&B 1 0.5 1 0.83
Table 6.7: Scaling factors for the scale of the Helicon Thruster with magnetic
configuration (0; 5:4; 0:2)
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MS S N MN (L = 5:4) MN (L = 3:5)
0.55 0.46 0.86 1 -
0.7 0.47 0.84 0.5 -
1 0.50 0.80 0.1 2
1.3 0.53 0.76 * 0.5
2.5 0.60 0.67 * 0.1
Table 6.8: Combinations of N and S corresponding to N = 40% in the case
of the axially shielded Plasma Source. The symbol “*” stands when the value
of MS would generate MN < 0:1. The symbol “-” is employed when the value
of MS is not sufficient to generate the respective N for the short Magnetic
Nozzle.
budget of the Helicon Thruster, but the respective increase in the power effi-
ciency of the Plasma Source is obtained without altering neither the input RF
power nor the length of the Plasma Source (except for the length of the Mag-
netic Shield its-self). Once again, the designer can reach the desired HT thanks
to a proper trade-off between S and N . This time the power efficiency of the
Plasma Source can be expressed as a function of MS as it is shown in figure
4.8.
The designer can employ either a real short Magnetic Nozzle or a real long
Magnetic Nozzle to obtain a medium power efficiency of the Helicon Thruster
(40% in the present example). Contrary to the case of a non-axially shielded
Plasma Source, a real short Magnetic Nozzle is this time able to provide a
reasonable power efficiency. In table 6.8 six magnetic configurations are derived;
the values of MS are enlisted as a function of L and MN to obtain HT = 40%.
For the same L there is a trade-off between MN and MS . In the case of the
long Magnetic Nozzle the values of MN are not enlisted for MS > 1 because
the MN_CODE is not able to solve the physics of a plasma inside a Magnetic
Nozzle with MN < 0:1 (in Chapter 4 we saw that these magnetic configurations
correspond to a Magnetic Nozzle whose outer magnetic streamline has three
turning points). Moreover, in the case of the short Magnetic Nozzle the values
of MN are not enlisted for MS < 1 because a real short Magnetic Nozzle can
not provide N > 0:8 for any value of MN .
In table 6.9 six scaled architectures are proposed. The scaled architectures
can be associated to any of the six magnetic configurations of table 6.8. The
increase in the performance of the Helicon Thruster is thus achieved by means of
the reduction of power losses to the rear surface. As a secondary effect, reducing
PA increases Te inside the Plasma Source, thus decreasing the ionization losses.
It is possible to increasing the equilibrium electron temperature even by means
of increasing PRF as in the Scale-EtaT scaling mode, but the present Thesis
do not investigate this possibility for an axially shielded Plasma Source. One
should indeed find infinite scaled reference architectures for any MS but this
procedure is out of the scope of the Thesis, which is to evaluate the possibility of
increasing the power efficiency of a Helicon Thruster by improving its magnetic
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B B B PB + B PB + B PB + B
&P 1 1 1 2 2 2
&L 8 4 2 4 2 1
&R 2.9 2 1.4 2.9 2 1.4
&M 1 1 1 2 2 2
&B 0.35 0.5 0.7 0.35 0.5 0.7
Table 6.9: Scaling factors for the scale of the Helicon Thruster at constant Te
configuration. Nevertheless, a designer could identify an appropriate magnetic
configuration for the case of his interest and then find a proper scaled reference
architecture for the Scale-EtaT scaling mode to scale the parameters of the
Helicon Thruster according to the requirement of its own design.
We now refer to the the fourth scaled architecture of table 6.9 (&P = 2,
&L = 4) to compare the results of a Helicon Thruster with Magnetic Shield with
a Helicon Thruster with no Magnetic Shield. In the fourth scaled architecture
PRF and L are the same as in the EtaT + PB + B scaling of a non-axially
shielded Plasma Source. In the present case &B = 0:35, while in the case of a
non-axially shielded Plasma Source &B = 0:56  0:83 depending on MN . The
differences in the values of &B are due to the scaling of PRF during Scale-EtaT.
If we call (&j)k the scaling of the j-th parameter according to the k-th Scale,
then in the case of a non-axially shielded Plasma Source
&P = (&P )EtaT (&P )PB (&P )B
&L = (&L)EtaT (&L)PB (&L)B
&B = (&B)EtaT (&B)PB (&B)B
where (&P )B = (&L)EtaT = (&B)EtaT = (&B)PB = 1, (&L)PB = (&P )
 1
PB ,
(&L)
 2
B , so that
&P = (&P )EtaT (&P )PB (6.1)
&L = (&P )
 1
PB (&B)
 2
B (6.2)
&B = (&B)B (6.3)
Then from equations (6.1) and (6.2) one can obtain
&B =

&L
&P
(&P )EtaT
 1=2
where (&P )EtaT > 1. In the case of an axially shielded Plasma Source we
just employed (&P )EtaT = 1; then if both &L and &P are the same in the two
scaled architecture, &Bwould be lower in the case of an axially shielded Plasma
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MN N S MS
2 0.87 0.57 1.8
1 0.86 0.58 2
0.5 0.84 0.60 2.5
0.1 0.80 0.63 3.3
Table 6.10: Combinations of N and S corresponding to N = 50% in the case
of the axially shielded Plasma Source
Source with the same HT . This means that the total magnetic budget of an
axially shielded Plasma Source could be lower than the magnetic budget in the
case no Magnetic Shield is added. This result thus can justify the adding of the
Magnetic Shield even when only medium performance of the Helicon Thruster
is needed. Further considerations about the theoretical total magnetic budget
are given in the next section.
Finally, the grater benefit of adding a Magnetic Shield to the Plasma Source
is the possibility of reaching values of HT a non-axially shielded Plasma Source
can not reach. In the case the Magnetic Shield is added to the Helicon Thruster,
the designer can employ a long Magnetic Nozzle according to table 6.10 to gain
HT = 50%. The value of MS largely increases as MN decreases, so that the
designer has to trade-off between the two parameters to get a magnetic budget
corresponding to its requirements. The parameters of the architecture can be
scaled according to table 6.9 to fulfill the requirements about power and length
of the Plasma Source.
6.2 Magnetic Budget
In the previous section the increase of the power efficiency of a Helicon Thruster
was obtained thanks to several magnetic configurations. The designer can ob-
tain a medium power efficiency of 40% with either a non-axially shielded Plasma
Source or an axially shielded Plasma Source. To obtain a high power efficiency
of 50% (or larger) the designer has to add a Magnetic Mirror to the magnetic
configuration. In both cases, the designer should adopt the magnetic configura-
tion which better correspond to the requirements of size, power and magnetic
budget dedicated to the thruster. The trade off between the axial size of the
thruster and the power provided by the RF Antenna was largely expanded in
both Chapter 3 and the previous section. In the present section, on the other
hand, a rough evaluation of the magnetic budget distribution is derived, thus
suggesting to the designer the general trend of decrease or increase of the mag-
netic budget when adopting a specific magnetic configuration and a specific
scaled architecture.
The derivation of the magnetic budget is made supposing the magnetic as-
sembly to consist in a series of electromagnets. In Chapter 2 we already dis-
cussed the possibility of employing permanent magnets to increase the power
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efficiency of a Helicon Thruster. Nevertheless, the present approach is not ap-
propriate in the case of a magnetic budget composed by permanent magnets
because the magnetic field generated by a permanent magnet strictly depends
on the particular design solution the designer adopts. It is not possible to find
a correlation between a magnetic configuration and the mass of the permanent
magnets without loosing the generality of the present analysis.
The magnetic filed inside the Plasma Source is generated by a solenoid whose
length is L and whose radius is R. According to this approximation
BS = nIS
where  is the vacuum permeability, n is the density of the number of loops
for units of length and IS is the current circuiting inside the solenoid. Both
the Magnetic Shield and the Magnetic Nozzle are thought to be generated by
two dedicated current loops. The radius of the MS-loop has to be large enough
to guarantee an almost uniform magnetic field density at the throat of the
Magnetic Shield; in the general case, the PS_MS_SOLVE code derives that
the minimum radius of the current loop to obtain a satisfying approximation
of a uniform magnetic field density is about the same size as the radius of the
Plasma Source. The magnetic field generated by the the MS-loop at the center
of the loop is thus
BMS ' IMS
2R
On the other hand, the radius of the MN-loop is RL = RL, so that the
magnetic field generated at the center of the MN-loop is
BMS =
IMN
2LR
The magnetic budget is here evaluated by means of the electric power needed
to sustain the current required to generated the magnetic field. For the sake
of simplicity, we assume the resistivity for units length of the solenoid and the
loops to be R. The resistances of the three components are thus
RS = 2nRRL; RMS = 2RR; RS = 2RRL
The total electric power required by the whole magnetic assembly is
PM = 2R
 
nRLI2S +RI
2
MS + LRI
2
MN

=
=
2RR
3
2

L
nR2
B2S + 4B
2
MS + 4B
2
MN
3
L

=
=
2RR
3B2S
2

L
nR2
+ 42MS + 4
2
MN
3
L

If we compare the general power required by the magnetic assembly to the
power required by a power reference architecture, we obtain a power ratio P^
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which can be employed to compare the either the increase or the decrease of the
magnetic budget for a certain configuration
P^ =
&3R&
2
B
L0
nR20
+ 42MS; 0 + 4
2
MN; 0
3
L; 0
  &L
&2R
L0
nR20
+ 42MS + 4
2
MN
3
L

We take the magnetic configuration (1; 5:4; 0:1) to be the reference magnetic
configuration. Moreover, the power reference architecture is the same of the
Reference Architecture, so that L0 = 0:1 and R0 = 0:1. The value of n depends
on the technology employed in producing the solenoid and in first approximation
one can assume n = 1000. The previous expression thus becomes
P^ =
&3R&
2
B
11:3

&L
&2R
+ 42MS + 4
2
MN
3
L

(6.4)
The equation (6.4) in the case of a non-axially shielded Plasma Source with
real long Magnetic Nozzle (that is the case taken into consideration in subsection
6.1.2) becomes
P^ =
&3R&
2
B
11:3

&L
&2R
+ 6302MN

(6.5)
In table 6.11 the power ratio P^ is derived for the magnetic configurations
proposed in subsection 6.1.2. For any of the magnetic configurations, two scaled
architecture are proposed. From the result of table 6.11 three remarkable re-
sults can be made. In the first place, P^ largely decreases as the Plasma Source
becomes more efficient and the Magnetic Nozzle less efficient (so that the power
efficiency of the Plasma Source is the same). This is due to the last term of
equation (6.5) which is large in the case of a long Magnetic Nozzle. Unfortu-
nately, the higher the efficiency of the Plasma Source is, the larger is &P , so
that the the increase in the input RF power could not be any more affordable
from the point of view of the design requirement. Decreasing PRF in a Scale-PB
mode increases L, so that a Scale-B is employed to control the maximum value
of length of the Plasma Source. In the second place, decreasing the magnetic
field density increases the power ratio, contrary to what one could expect. This
is due to the multiplicative term &3R&
2
B : in a Scale-B &R = &
 1
B so that &
3
R&
2
B = &
 1
B
and the power ratio increases as &B decreases. In the third place, the ratio be-
tween P^ evaluated for the Scale-EtaT and P^ for the Scale-EtaT-PB-B scaling
mode decreases as decreases the magnetic field density generated by the Mag-
netic Nozzle. This is due to the fact that as MN decreases, &B increases in the
Scale-EtaT-PB-B scaling mode. These three facts suggest that a low PRF and
low P^ is possible only in the case of a Scale-EtaT-PB-B with low MN .
From table 6.11, the power ratio is larger than the value it assumes in power
reference architecture, even in the case of low MN . The trend could suggest
that the non-axially shielded Plasma Source is not convenient from the point
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EtaT EtaT+PB+B
(0; 5:4; 2) 223 408
(0; 5:4; 1) 56 96
(0; 5:4; 0:5) 14 22
(0; 5:4; 0:2) 2 3
Table 6.11: Power ratio P^ in the case of a non-axially shielded Plasma Source
No Scale &P = 1, &L = 4, &B = 0:5 &P = 2, &L = 4, &B = 0:35
(0:55; 5:4; 1) 56 112 169
(0:7; 5:4; 0:5) 14 28 42
(1; 5:4; 0:1) 1 2 3
(1; 3:5; 2) 61 122 182
(1:3; 3:5; 0:5) 5 9 13
(2:5; 3:5; 0:1) 2.5 5 7
Table 6.12: Power ratio P^ in the case of an axially shielded Plasma Source for
two scaled architectures
of view of the power budget. Nevertheless, equation (6.5) is only a rough ap-
proximation of the power required by a real electromagnetic assembly and the
solution strongly depends on the technology employed into the Plasma Source
and the Magnetic Nozzle. Moreover, the Scale-EtaT-PB-B is not optimized to
generate low P^ results. An appropriate scaling mode has to be identified in a
future work.
In the case of an axially shielded Plasma Source, one has to employ the
general expression (6.4) to evaluate the power ratio for different magnetic con-
figurations and different scaled architectures. The results are enlisted in table
6.12. Even in this case P^ is smaller for magnetic configurations with low NM .
There is an appreciable difference between a short and a long Magnetic Nozzle:
even if the magnetic budget to generate a comparable magnetic field turns to
be larger in the case of a long Magnetic Nozzle, the power efficiency of a long
Magnetic Nozzle is larger so that the magnetic configuration requires a small
MS to obtain the same HT . A smaller MS requires a lower magnetic budget.
From the result of table 6.12 it is thus more convenient to employ a low budget
Magnetic Shield and a high budget Magnetic Nozzle than a high budget Mag-
netic Shield and a low budget Magnetic Nozzle. As in the case of a non-axially
shielded Plasma Source, it is inconvenient to lower the magnetic field generated
by the magnetic assembly because the related increase in the size of the Helicon
Thruster generates a large increase in the resistance of the electromagnets.
The results of the present section are derived from a simple and rough model
of the physics of electromagnets. They can largely vary in the real case where
more sophisticated physical models are employed. Nevertheless, the results
confirm the importance of the Magnetic Shield in reducing the magnetic bud-
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get associated to a non-axially shielded Plasma Source. Moreover, the results
suggest that a Magnetic Shield generating a high magnetic field density is not
appropriate unless the designer aims to reach high values of HT (in which case
the Magnetic Shield is not an optional supplement but an essential requirement
of the magnetic configuration, as it was demonstrated in the previous section).
The results are in any case not appropriate to describe the magnetic budget
composed by permanent magnets.
170
Chapter 7
Conclusions and future work
The total power efficiency of a Helicon Thruster was analyzed in the Chapter
6 in the case of completely magnetized plasma. The strong influence of the
interaction between the plasma and the magnetic field is confirmed to be the
leading factor in both determining and increasing the power efficiency of the
Helicon Thruster. The interaction was evaluated by means of the geometry
of magnetic streamlines (here denoted as the magnetic configuration) and the
magnetic field density of the Plasma Source.
The magnetic field density inside the Plasma Source BS is the main parame-
ter determining the power efficiency of the Plasma Source. If the magnetization
is too low the radial shielding of the Plasma Source is not effective anymore
and the power efficiency of the Plasma Source critically drops down to unac-
ceptable values. The magnetization depends on the non dimensional physics of
the Plasma Source. In Chapter 3 a convenient Reference Architecture is thus
derived so that the power losses to the wall surface are neglettable. It is possible
to trade off the radius of the Plasma Source and BS to obtain the same mag-
netization at constant equilibrium electron temperature. The non dimensional
solution is the same if proper non-dimensional scaling laws are derived from the
non-dimensional physics equations describing the magnetized plasma dynamics
inside the Plasma Source. It is thus possible to find several scaled architectures
with different geometry and magnetic filed density, all with the same value of
the power efficiency of the Plasma Source.
The magnetic configuration is defined once the non-dimensional parameters
MS , L and MN are fixed. The MS parameter is the ratio between the
magnetic field density generated by the MS-loop at the center of the loop and
the magnetic field density inside the Plasma Source. If no Magnetic Shield is
added to the Plasma Source, MS = 0 and the power flux to the rear surface of
the Helicon Thruster is almost equal to the power flux to the exit of the Plasma
Source, thus limiting the power efficiency of the ideal Plasma Source at 50% for
infinite equilibrium electron temperature. The non-dimensional plasma model
derived in Chapter 4 takes into account the axial shielding of the Plasma Source.
MS is the only non-dimensional parameter determining the axial shielding of
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the Plasma Source. If the designer increases MS , he employs a magnetic mirror
effect to lower the power flux to the rear surface and increasing the power
efficiency of the Plasma Source at constant input RF power. A Magnetic Shield
with MS = 1 produces a power efficiency of the Plasma Source equal to 50%,
while increasing MS up to 4 increases the value of S to 65%.
Both the L and MN parameters define the geometry of magnetic stream-
lines inside the Magnetic Nozzle. The Lparameter is the ratio between the
radius of the MN-loop and the radius of the Plasma Source. The larger Lis,
the longer is the Magnetic Nozzle. A long Magnetic Nozzle enhances a larger
expansion ratio (that is a better power transfer from thermal power to kinetic
power) at the same divergence of the nozzle. The average power efficiency of
the Magnetic Nozzle is thus higher the higher is L. The maximum value of
S correspond to the axial point where the divergence of the magnetic stream-
lines is low and the power transfer is sufficiently high; we refer to this value as
MN;max and we suppose that the plasma detachment can happen in the same
axial coordinate where N = N;max.
Unfortunately, the high divergence of the magnetic streamlines generated
by the Plasma Source superimpose the magnetic streamlines generated by the
MN-loop, thus decreasing the maximum expansion ratio and increasing the di-
vergence at the same expansion ratio. The larger is the magnetic field density
generated by the MN-loop, the lower is the influence of the magnetic field gen-
erated by the solenoid of the Plasma Source. The larger is thus the parameter
MN the lower is the divergence of the real Magnetic Nozzle with respect to
the ideal Magnetic Nozzle generated by the MN-loop alone. For a real long
Magnetic Nozzle one can obtain 80%  N;max  87% for 0:1  MN  2,
while for a real short Magnetic Nozzle one can obtain 69%  N;max  79% for
0:1  MN  2.
If the magnetization of the plasma inside the Plasma Source is large enough,
the power efficiency of the Helicon Thruster is defined when MS , L and MN
are fixed. The magnetic field density inside the Plasma Source is thus a scaling
parameter that the designer can chose according to the requirements of the
design. In Chapter 6 three categories of magnetic configurations are found able
to obtain a medium value of power efficiency (HT = 40%): the non-axially
shielded Plasma Sources with long Magnetic Nozzle, a low MS and high L,
a high MS and low L. On the other hand, only the magnetic configurations
with high MS and high L are able to provide high power efficiency of the
Helicon Thruster (HT > 50%).
The magnetic configurations are finally evaluated from the point of view of
the magnetic budget required to generate them. The simple model of the mag-
netic field generated by and electromagnet roughly shows that decreasing the
magnetic field density is not convenient from the point of view of the power bud-
get. The non-dimensional scaling laws show indeed that decreasing the magnetic
field density inside the Plasma Source increases the radius of the Plasma Source.
The related increase in the resistance of the magnetic assembly thus does not
justify the decrease in the current required to generate the lower magnetic field
density. Moreover, the model of the electromagnets shows that the more conve-
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nient magnetic configuration, from the point of view of the power requirement,
involves low budget Magnetic Shield and a low budget long Magnetic Nozzle.
7.1 Recommendations for future work
During the course of the present Thesis, a number of suggestions for future
works was proposed in both the analytical derivation of the plasma models and
the analysis of the results regarding the whole Helicon Thruster. In the present
section these recommendations are enlisted.
1. In Chapter 2 it is assumed that there always exists a proper RF Antenna
able to satisfy the geometrical and physical requirements demanded from
any scaled architecture of the Helicon Thruster. The suggestion seams to
be very likely to be true thanks to the expression of the dispersion relation.
Nevertheless, a more proper and rigid analysis has to be performed in order
to mathematically justify the assumption.
2. The ionization mechanism through Helicon Waves is nowadays only poorly
understood, but it is probably strictly linked to the thermal behavior
of electrons inside the Plasma Source. In Chapter 3 the ionization is
analytically treated thanks to semi-empirical relations which could be not
well fit the real thermal behavior of the electrons inside a Plasma Source
at any operative conditions and in any scaled architecture. Thanks to a
better understanding of the physical mechanism behind the ionization the
results present in the Thesis can be more properly derived.
3. It is not possible to scale the equilibrium electron temperature inside the
Plasma Source at constant power efficiency of the Plasma Source. This
impossibility forces the designer to find a proper scaled reference architec-
ture with different equilibrium electron temperature. At the same time, it
is needed to find a proper scaled reference architecture even in the case the
designer wants to scale both the magnetic field and the power efficiency
of the Plasma Source. This approaches is thought to be too specific. It is
needed more effort in order to understand more general scaling laws of a
Plasma Source.
4. In Chapter 4 the length of the Magnetic Shield was neglected with re-
spect to the length of the Plasma Source. Unfortunately, to obtain a quite
uniform radial profile of the magnetic field density at the throat of the
Magnetic Shield, the length of the Magnetic Shield could become compa-
rable with the length of the Plasma Source. The hypothesis of neglettable
ionization inside the Magnetic Shield is thus called into question. A more
accurate model of isothermal Magnetic Shield with ionization has to be
derived and the numerical results have to be compared to the results of
the model presented in Chapter 4.
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5. The number of possible radial profile of real Magnetic Nozzles is lim-
ited by the numerical code MN_SOLVE here employed. The numerical
limit regards the appearance of three turning point on the radial profiles
for MN  1. The possibility of employing Magnetic Nozzle with low
MN results from Chapter 6 to be important to reduce the total magnetic
budget of the Helicon Thruster. The MN_SOLVE code has thus to be
expanded to include the numerical solution of Magnetic Nozzle with three
or more turning points.
6. In the case of an isothermal Magnetic Nozzle, the thrust mechanism relays
on electromagnetic acceleration of the particles. A dedicated study can
analyze the adiabatic Magnetic Nozzle and discover what is the main
acceleration mechanism.
7. The power efficiency of the Magnetic Nozzle employed in Chapter 6 cor-
responds to the maximum value of N along the axial coordinate of the
Magnetic Nozzle. It is possible to obtain this result only if the plasma flow
is able to detach at the same axial coordinate of the one corresponding
to the maximum N . The possibility of inducing such a detachment is
not assured because of the poor and conflicting result obtained by many
author in literature. More effort has to be spent in understanding the
mechanism of the plasma detachment so that the designer can select a
real Magnetic Nozzle which is able to detach at favorable conditions of
power efficiency.
8. The optimization of the magnetic budget can not lead to more precise re-
sults until the technological solutions employed into the magnetic assembly
are specified. The optimization thus requires the investigation of several
technological solutions other the one proposed in the present Thesis.
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Appendix A
Derivation of the dispersion
relation
The plasma ionization by Helicon Waves was treated by several authors [18, 19,
52] but the present model was firstly derived by Chen, which analyzes the case
of electromagnetic waves traveling inside the plasma contained into a cylindrical
configuration [19, 14, 15]. As an additional hypothesis, an axial, constant and
uniform magnetic field B0 is externally imposed inside the cylinder. The zero-
subscript is here used in reference with equilibrium conditions, while the pertur-
bation quantities (deriving from the interaction with the electromagnetic waves
generated by the RF Antenna) variates as functions of exp [i (m + kz   !t)].
Here, m and k are respectively the azimuthal and axial wave numbers, while !
is the pulsation of electromagnetic waves imposed by the RF Antenna.
Chen’s model starts from Maxwell Equations
r B = 0 (A.1)
rE =  @B
@t
= i!B (A.2)
rB = 0j (A.3)
where B, E and j are respectively the magnetic field, the electric field and
the plasma current density. The displacement current was neglected in equation
(A.3) from experimental evidence on similar Plasma Source configurations [46].
Moreover, the electron dynamics can be described by the electron fluid equation
 i!meue =  e (E+ ue B) meue (A.4)
whereme, ue and  are respectively the electron mass, the electron vector ve-
locity and a phenomenological collisional rate taking into account any damping
mechanism connected to the electrons dynamics. In equation (A.4) the pres-
sure term was neglected because both particle density gradient and temperature
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gradient can be neglected: the temperature gradient can be neglected because
temperature variations are usually of order of some eV (while electric potential
variations are usually of order of 100 eV [14]) and the particle density gradient
can be neglected because the waves related to the EB drift are incompress-
ible. The plasma current dynamics is indeed thought to be related only to the
E B drift because in these applications usually is !  !ce, where !ce is the
cyclotron pulsation of electrons. Finally, in equation (A.4) the viscous term is
neglected too because the strong magnetic field density generates and electron
Larmour radius much smaller than the typical dimension of the observed traver-
sal wavelengths. If we assume that the plasma current is determined only by
the electron velocity (neglecting the contribution of ion dynamics), j =  en0ue
and from the equation (A.4) one can obtain
E =   B0
en0

i
!
!ce
j+ z^ j

(A.5)
Putting together Maxwell Equations (A.1)-(A.3) with equation (A.5) one
can obtain, after some algebraic passages,
!
!ce
r (rB)  krB+ en00!
B0
B = 0 (A.6)
From the previous equation it is possible to evaluate the variation of magnetic
field density. The equation can be further factorized as
(1  r) (2  r)B = 0
The solution of the above equation is the superposition B = B1+B2 where
B1 and B2 are given by
rB1 = 1B (A.7)
rB2 = 2B (A.8)
Using the equation (A.1), the above equations become a set of Helmholtz
Equations
r2B1 + 21B1 = 0 (A.9)
r2B2 + 22B2 = 0 (A.10)
The set of Helmholtz Equations generates two different wave types with total
wave numbers
1=2 =
k!ce
2!

1

1  4 !
!ce
k2w
k2

(A.11)
where kw = (!n00e=B0)
1=2 is the whistler wavenumber in free space. Dif-
ferentiating the characteristic equation related to the Helmholtz Equations one
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can find out that k is both upper and lower bonded with limit values depending
on the operative condition of the Plasma Source [14]. This should in some way
limit the possible conditions at which the RF Antenna can properly ionize the
neutral propellant. The influence of these limits on the performance obtained
by a given Plasma Source is beyond the scope of the Thesis and it is evalu-
ated when the scaling laws of Helicon Thrusters are derived in Chapter 3. It
is assumed to always be possible to design a proper RF Antenna to match the
possible use of the same Plasma Source at different operative conditions.
If the characteristic wavelength in the plasma is much smaller than the free
space whistler wavelength (that is !k2w  !cek2) the two roots of (A.11) are
well separated and they become
1 =
k2w
k
(A.12)
2 = k
!ce
!
(A.13)
In this case, the waves associated to the first root are the proper Helicon
Waves (called H-waves from now on), while the waves associated to the second
root are the Trivelpiece-Gould Waves (called TG-waves from now on). The H-
waves and TG-waves exhibit a very different pattern for what concerns typical
wavelength and amplitude depending on the strength of electron magnetization
and boundary conditions at the outer boundary [14]. The coupled interaction
between H-waves and TG-waves is not completely understood and it still is
object of deep theoretical investigation because it seems to play a critical role
in the energy deposition inside the plasma flow [15, 52].
It is really difficult to extract design guidelines directly from these equations
without further simplifying assumptions. In the cases of interest for the present
analysis, the equilibrium axial magnetic field is on the order of 0.1T [3]. As-
suming Argon as propellant and a typical industrial frequency of 13.56 MHz
as exciting frequency, it is easy to demonstrate that !  !ce thanks to the
strong component of the equilibrium axial magnetic field (for B = 0:1 T, then
!=!ce = 0:036). Here, the H-waves exhibit a large amplitude while the TG-waves
are poorly able to penetrate the plasma flow so that the influence of TG-waves
is constricted on the outer layers of the plasma. This is the main reason why
one can easily experimentally detect the H-waves pattern while conversely the
presence of the TG-waves is not so evident. In this case 2 tends to infinite val-
ues and the set of Helmholtz Equations is reduced to the equation (A.9) alone.
The z^ component f the Helmholtz vector equation in cylindrical coordinates is
a Bessel Equation in the Bz component and its solution is in the form
Bz = C1Jm (r)
with r = r
 
21   k2
1=2
= rk?(where k?is the transverse wavenumber). In the
equation above, the m index is related to the different azimuthal modes. From
the ^ and r^ components of equation (A.9) it is then possible to find an analytical
expression of the Br and B components as a function of Bz
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Br =
iC1
2k?
[(1   k) Jm+1 + (1 + k) Jm 1] (A.14)
B =
C1
2k?
[(1   k) Jm+1   (1 + k) Jm 1] (A.15)
The non-conductive boundary condition imposes that jr = 0 at at r = R,
where R is the radius of the plasma flow. From the eq. (A.3) and using eq.(A.7)
one can obtain
jr =
(rB)r
0
=
1
0
Br
so that the boundary condition on the radial current is equivalent to impose
Br (R) = 0 (it can be demonstrated that a conductive boundary would lead to
the same boundary condition on the radial component of the magnetic field).
Using this last condition on equation (A.14) one can obtain
(1   k) Jm+1 (Rk?) =   (1 + k) Jm 1 (Rk?) (A.16)
Making use of the Bessel recursion relations in equation (A.16), one can
obtain
Jm (Rk?) =
kR
2m1
[Jm+1 (Rk?)  Jm 1 (Rk?)]
For the m = 0 mode the only possible solution of the equation above is
J1 (Rk?) = 0. This is also the approximate solution for the m = +1 mode in
the case of a Plasma Source with large aspect ratio. This is an appropriate
approximation for the scope of the Thesis. The m =  1 mode is not considered
in the following analysis because it has been experimentally demonstrated that
is much less exited than the m = +1 mode [19]. The total solution of the
relation J1 (Rk?) = 0 can be thought as the superposition of the single solutions
evaluated for any possible radial mode. If we consider the total solution to
depend mainly on the first radial mode, the relation leads to the dispersion
relation
!
k
=
3:83B0
e0n0R
(A.17)
where the numerical coefficient is derived from the firs zero of J1 (Rk?) = 0.
The relation (A.16) is exact in the case of m = 0 mode and only approximate
in the case of m = 1 mode.
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